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Abstract 
This thesis describes results of investigations of the  photorefractive effect in 
potassium tantalum niobate (KTal-,Nb, 03) crystals. A band transport model is 
used t o  describe the  photorefractive effect. T h e  coupled mode equations are then 
introduced and used t o  solve self-consistently for the  interaction of the light and 
space charge fields in a photorefractive material. T h e  design and  construction of a 
high t e ~ p e r a t u r e  crystal growth system is discussed. The  growth of photorefractive 
I iTX crystals doped with a variety of transition metal dopants using the top seeded 
solution growth method is described. Two applications in the areas of .r~olurne 
holography are described which take advantage of the unique ferroelectric properties 
of KTN. The  first makes use of the quadratic electrooptic effect in paraelectric 
KT5 to control the magnitude of a diffracted wave with an  externally applied field. 
Full amplitude modulation a t  speeds much faster t han  the  grating formation time 
is demonstrated. The  second appIication described is a procedure used t o  fix a 
holographic diffraction grating in KTX.  I t  invovles the  writing of a photorefractive 
grating in the  paraelectric phase of KTI'; and cooling the sample under an  applied 
field through successive phase transitions into the rhombohedra1 phase. 
Materials investigations of the  photorefractive effect are described. Investiga- 
tions focused on the  optimization of the photorefractive properties of I$TK by the  
control of the concentration and  the  valence s tate  of the photorefractive donor ions 
both during and after the  growth stage. Absorption, photoconductivity, and elec- 
t ron microprobe measurements are used t o  jdentify the photorefractive species and 
- 1v- 
to determine all relevant parameters which enter into the band transport model in 
a KTK:Cu3Jr sample after a series of thermal oxidation and reduction treatments. 
Holographic diffraction measurements are compared with those expected from the- 
ory. The oxidation and reduction process is modelled. Approaches t o  optimize the 
photorefractive sensitivity are discussed. The photorefractive properties of Fe and 
T i  doped KTX samples are investigated. Absorption and photoconductivity mea- 
surements indicate that  the double dopant combination of Fe and Ti leads to  an 
increased Fe2+ and total Fe concentsations as compared to single doped samples. A 
corresponding increase in photorefractive sensitivity is measured. The dependence 
of the photorefractise properties of Fe and Ti doped KTK on electric field. grating 
period. and temperature is characterized. 
. v- 
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CHAPTER OSE 
INTRODTJCTIOK TO THE PHOTOREFRACTIVE EFFECT 
1.1 Introduction 
The  photorefractive effect refers t o  certain light induced changes in the  index 
of refraction in a n  electrooptic material. T h e  effect leads t o  the  generation of large 
optical nonlinearities a t  relatively low light poiver levels. The photorefractive efFect 
arises due to  a redistribution of electronic charge in a material lvhich is correlated 
u-ith a light intensity pattern. The  resultant electric space charge field modifies the 
index of refraction through the electrooptic effect. An ever increasing number of 
novel devices and applications which make use of the  photorefractive effect have 
been demonstrated in the areas of optical phase conjugation: optical computizg. 
and opticai da t a  storage. 
The photorefractive effect wzs first observed during second harmonic generation 
experiments in Li?;bOs by Ashkin in 1966 and by Chen in IiTal-,Nb,03 (KTN) 
in 1967.'*~ Because t he  photoinduced index change was detrimental to harmonic 
generation experiments the  term "optical damagen wras originally used t o  describe 
it. The  usefulness of this effect was first realized by Chen who used this "damage" 
to  store thick holographic phase gratings in LiYb03.3 A large effort in developing 
photorefractive materials ensued due t o  the  tremendous holographic da t a  storage 
potential of these materials. In principle, storage densities of the order of lo1" 
bits/cm3 can be achieved in a volume holographic storage r ~ e d i u r n . ~ . ~  Due to  the  
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parallel readout of information in the form of two dimensional images, very fast 
access of information is possible. In addition, a photorefractive storage medium 
offers "read/writen and "read onlyn da t a  storage capability. 
During this period a great deal of progress was made in the  development of 
photorefractive materials for use as a volume holographic storage medium. The  
photoexcitation, charge transport,  and index change mechanisms responsible for the 
photorefractive effect were investigated. In LiKbOs, multivalent transition metal 
impurities were identified as the specjes responsible for the photorefractive effect.' ' 
Charge transport was deterrriined t o  occur through the drift, diffusion, and  the 
photovoltaic effect.8-'' Results of these efforts led t o  the development of several 
techniques t o  enhance the photorefractive properties of a material. Intentional dop- 
ing of crystals \vith transition metals led t o  significantly increased photorefractive 
sensitivity.: Similiar improvements were achieved by thermal heat treatments which 
modified the ~ a l e n c e  state of the photorefractive species.12 
Fixing techniques, used t o  create holographic gratings which are not erased 
under illumination or during long term storage, were also developed. Gratings were 
fixed in LiNbOB and  LiTaOs by heating a sample, in which a photorefractive grat- 
ing wzs written, t o  a temperature which al lo~rs  ionic defects t o  become mobile.13 
T h e  ionic defects create a compensating space charge field which cancels the pho- 
torefractive grating. T h e  sample is then cooled t o  room temperature and illumi- 
nated: erasing the electronic grating and leaving the fixed ionic charge distribution. 
Fixing procedures were also demonstrated in Sr,Bal-,Kb206 (SBN) which create 
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IocalIy switched ferroelectric domains which are correlated with a photorefractive 
grating.14.'5 Early efforts a t  da t a  storage in photorefractive materials culminated 
in the storage by Saeblar of 500 fixed holographic gratings in a LiT;bOs sarnple.IG 
Despite these advances, for a variety of reasons, the  potential of photorefrac- 
tives as a holographic da t a  storage medium was not realized. Chief among them 
was material limitations. KO one material combined all of the desired properties of 
a large index change, high sensitivity, and the capability t o  fix gratings. Approaches 
w-hich increased the magnitude of the index change in a sample came only a t  the 
expense of increased response time and decreased s e n s i t i ~ i t y . ' ~  Fixing procedures 
and the storage of multiple holograms in a single ~iolume significantiy reduces the 
diffraction efficiency of each hologram. In addition competing technologies such 
as magnetic storage media advanced rapidly. These technologies are compatible 
with existing electronic s y s t e m  and did not require the development of supporting 
technologies such as spatial Iight modulators or compact visible light sources. 
A resurgence of interest in photorefractives occured with the emergence of the  
field of phase conjugate ~ ~ t i c s . ~ ~ ~ t i c a l  phase conjugation is used t o  generate a 
wave which has the same wavefronts as  another input wasre, b u t  is reversed in di- 
rection. It  was first observed in stimulated Brillouin backscattering experiments by 
Zel'dovich in 1972." T h e  backscattered Iight was observed t o  regain the original 
wavefront after retraversing any phase distortion introduced into the  beam pa th .  
Nonlinear optical processes including stimulated backscattering and three and four 
\va.i.e mixing can generate a phase conjugate wave. In 1978, Yaris. pointed out  t ha t  
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the wave mixing techniques were analogous to real time volume holography.20 Soon 
thereafter, Huignard demonstrated phase conjugation using four wave mixing in 
photorefractive BS0.21 Photorefractive materials are an attractive medium for real 
time applications due to  a strong response a t  low cw power levels. The  distortion 
correction capability of optical phase conjugation was used t o  demonstrate a variety 
of applications such as one way image transmission through a distorting medium 
and intracavity laser distortion ~ o r r e c t i o n . ~ ~ , ~ ~  Four wave mixing in photorefractive 
crystals has been used to  perform the operations of optical correIation, convolution, 
subtraction, and edge enhancement of i m a g e ~ . ~ ~ - ~ " h e  photorefractive effect is a 
nonlocal one, the maxima of the intensity and index patterns are spatially shifted 
from one another. This results in an exchange of power between incident waves. 
Beam coupling gains up t o  4000 have been measured in B a ~ i o ~ . ~ ?  Photorefractive 
7va.i-e coupling has been used to construct devices such as coherent optical amplifiers. 
self-pumped phase conjugate mirrors, optical limiters, and photorefractive oscilla- 
tors and  resonator^.^^-^^ Recently, photorefractive materials have found roles in 
the implementation of optical neural networks and associative memories as a recon- 
figurable storage medium for the optical interconnection between " n e ~ r o n s . " ~ ~ . ~ '  
Also, the nonlinear gain provided by photorefractive coupling has been used t o  
perform the optical thresholding operation.33 
As with previous efforts a t  data storage, the applications which relied on the 
dynamic photorefractive effect have not progressed past the laboratory demonstra- 
tion stage primarily due to severe material limitations. hfaterials which produce 
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large nonlinearities have slow response for many applications. T h e  response is even 
slower in the longer wavelength regions in which compact light sources exist. Avail- 
ability is also a seyere problem. Few facilities are equipped t o  or have the  necessary 
experience t o  grow nonlinear optical crystals. Until recently there existed only 
one commercial supplier of BaTiOs, the  most widely used photorefractive material. 
hlany promising photorefractive materials have not  been fully investigated due t o  
a lack of samples.34 
f .2 Photorefractive lllaterials 
The photorefractive effect requires an  electrooptic material with a partially 
filled, photoionizable, mid-gap impurity level. Materials in which the photorefrac- 
tive exect has been observed include ferroelectric oxides, cubic oxides (sillenites), 
and compound semiconductors. Each of these classes of materials have distinct 
photorefractive properties which determines their suitability for various applica- 
tions. Properties which are of interest include the magnitude of the refractive index 
change, the spatial p h a e  shift between the intensity and index pat tern,  the time 
and spectral response of the material, and the photorefractive sensitivity defined as 
the  index change per absorbed unit  of energy. 
1.2.1 Ferroelectric oxides 
The  photorefractive effect has been observed in ferroelectric oxides of the per- 
0s-skite (BaTi03 ,  K N b 0 3 ,  KTal-,Kb,03), tungsten bronze(Sr,Bal-.I\;b2OG (SBK), 
Bal -,ST, Iil -,Na,Xb5OI5 (BSKK?;)), and ilmenite ( L i 5 b 0 3 ,  LiTa03)  structure^.^'.^^ 
These materials are cubic a t  high temperatures and become ferroelectric on cooling 
through a phase transition. The  ferroelectric properties are strongly temperature 
dependent and vary with composition. As a result, these are  the  most difficult of 
photorefractive materials t o  grow and t o  prepare with good optical quality. Ferro- 
electric oxides have bandgaps over 3eV and are tranparent throughout the  visible 
and near uv. T h e  photorefractive response, however, drops off sharply a t  longer 
wa~~elengths .  
The photorefractive properties of the ferroelectric oxides BaTi03,  SBS,  and 
Lil';b03 have been characterized extensively over a wide range of experimental con- 
ditions Despite structural differences, they share common photorefractive proper- 
ties. The3 have large electrooptic coefficients which produce large refractive ifidex 
chznges. They suffer from slow- response partly due to low carrier mobilities. Of the 
three classes of pho~orefractive materials, the ferroelectric osides have the lowest 
reported sensitivities. However, most as-grown sampies art: far irom attaining their 
limiting sensitivities. 
These materials offer the  greatest ability t o  modify the photorefractive p r o p  
erties both during and after growth. Properties can be  modified by the  type and 
amount of transition metal dopant added t o  the  flu. After growth, properties can 
b e  modified by thermal reduction or oxidation treatments. These treatments create 
oxygen vacancies which result in changes in the valence s tate  of t he  dopant ions. 
For long term data  storage applications the  ferroelectric oxides are the only class of 
materials in which it has been possible to  create fixed gratings which are not erased 
C - i- 
under illumination. 
KTal-,?Tb,03 (KTX) was one of the first materials in which the photore- 
fractive effect was ~ b s e r v e d . ~  It  exhibits a large quadratic electrooptic effect near 
the ferroelectric phase transition. An early sample was found to  possess a high 
photorefractive sensitivity through two photon absorption.37 Recently, a new pho- 
torefractive mechanism, the dielectric photorefractive effect was observed in KTK.38 
Refractive index changes are the result of valence changes t o  impurity ions which 
induce changes in the Curie temperature. Very Iittle work in KTN has been re- 
ported primarily due to a lack of samples. It was considered a difficult material to 
grow optical quality samples free of striations. 
The sillenites are non cent rosymetr ic  cubic oxides of point group symmetry 
43m. They show no birefringence without an applied field and are strongly opti- 
cally active. The sillenites which include Bi12Si020(BSO), BiI2GeO20 (BGO),  and 
BiI2TiOza (BTO) have the highest reported sensitivities of photorefractive  material^.^'.^" 
Sensitivities in BSO comparable t o  tha t  of silver halide photographic film have been 
reported.39 These large values are the result of high mobilities which assist in the for- 
mation of a space charge field by allowing carriers to  be transported long distances 
before being retrapped. Intrinsic defect centers are responsible for the photorefrac- 
tive effect in the sillenites which prevents the modification of properties by the ad- 
dition of dopants or by thermal heat treatments. Even so, a variety of approaches 
hasre been developed to  enhance their photorefractive properties. Techniques to  
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enhance the two-beam coupling coefficients include the use of moving gratings and 
the application of an ac field.40.41 For storage applications, thermal procedures have 
been used t o  create an assymetry between writing and readout response tirnesS4" 
No k i n g  procedure has been found for long term storage applications. 
1.2.3 Compound semiconductors 
Compound semiconductors in which the photorefractive effect has been ob- 
served include Gails .  GaAs:Cr, InP:Fe, CdTe, and c ~ s . ~ ' . ~ '  Both intrinsic defect 
centers. such as EL2 in GaAs, and transition metal impurities have been identified 
as the photorefractive species. Due t o  their small bandgap? some compound semi- 
conductors exhibit response in the infrared spectral region. jyhile the magnitude 
of the photorefractive index change in these materials is generally small, their fast 
response leads t o  large sensitivities. This is the result of large carrier mobilities, 
(ye = 8500cm2/1's in Gai is) ,  which allows for carriers t o  be  transported distances 
compzrable t o  a grating period. 
Several approaches have been used t o  enhance the photrefractive properties of 
these materials. T h e  application of ac electric fields have increased beam coupIing 
gain.43 By operating near the band edge, the photorefractive effect has  produced 
large index and  absorption gratings through the Franz-Keldish effect.44 Other novel 
demonstrations include a photorefractive effect arising t o  charge transport in a 
quantum 
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11.3 O u t l i n e  of t h e  thesis 
The  photorefractive effect shows great promise in a number of applications, bu t  
until material limitations are overcome the full potential will not be realized. T h e  
aim of this thesis was to  investigate the  photorefractive effect in KTal-,Nb,03 in 
order to develop approaches for optimizing the photorefractive properties. The  re- 
sults are applicable t o  any ferroelectric oxide material. A comprehensive approach 
was used which involved the areas of crystal growth, materials studies, and appli- 
cat ions development. 
In Chapter 2 a band trznsport model of the photorefractive effect is introduced. 
Solutions for the  space charge field and response time are presented for the cases of 
both one and two carrier charge transport.  The  coupled mode equations are then 
used to solve self consistently for the interacting space charge and light fields in a 
photorefractive medium. 
As part of this effort a high temperature crystal growth system was designed 
and constructed in order t o  grow photorefractive KT?;. Chapter 3 describes the  
system and the  top  seeded solution crystal growth method. A summary of the  
KTK crystals which were grown is given followed by a discussion of the structural 
and ferroelectric properties of these crystals. 
Chapter 4 describes two applications of the photorefractive effect which take 
advantage of the  ferroelectric propertjes of KTR.  In the paraelectric phase of KTIi 
t he  quadratic electrooptic effect is utilized t o  express the photorefractive space 
charge distribution as a refractive index change. The  result is a diffraction grating 
- 10- 
whose magnitude is proportional to  and can be controlled by an externally applied 
field. Full amplitude modulation of the diffraction efficiency is possible a t  speeds 
limited by the  dielectric response, which is orders of magnitude faster than  the 
photorefractive space charge creation time. Modulation a t  20 khz is demonstrated. 
AIso described is a procedure used t o  fix photorefractive diffraction gratings in KTX. 
Fixing efficiencies as high as 10% are reported. Possible mechanisms responsible for 
the effect are  discussed. 
Chapter 5 describes an investigation of the microscopic parameters which gov- 
ern the  photorefractive effect in KTX:Cu,V. A series of thermal oxidation and re- 
duction treatments are performed on the sample. After each treatment,  absorption, 
photoconductivity, and photorefractive measurements are made. Results allow the  
determination of all relevant parameters which enter into the Kukhtarev band trans- 
port  model of the  photorefractive effect.43 These includes values for the concentra- 
tion of the filled and ionized donor level, the ratio of the mobility t o  electron recom- 
bination rate,  and the electron photoexcitation cross section. The  dependence of 
holographic diffraction and response measurements on t r ap  concentration are  com- 
pared with theory. Results indicate a subst antially smaller index change compared 
t o  theory and suggest t ha t  not all donor ions participate in the  photorefractive 
effect. The  oxjdation/reduction heat treatment process is modelled and relevant 
parameters are  determined. Results indicate the temperature and  partial pressure 
of oxygen needed t o  produce a desired photerefractive property. Also discussed are 
approaches t o  optimize the photorefactive sensitivity in the sample. 
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In Chapter 6 the photorefractive properties of Fe and Ti  doped K T K  are inves- 
tigated. The photorefractive properties of three KTK samples are studied: an Fe 
doped sample, a Ti doped sample, and a double doped Fe and Ti sample. Absorp- 
tion and pht80conductivity measurements indicate that  double doping T i  results in 
an increased Fez+ concentration and total Fe concentration which leads t o  an order 
of magnitude increase in photorefractive sensitivity as compared to  single doping. 
The dependence of the photorefractive index change, response time and sensitiv- 
ity on temperature, grating period and applied field are characterized for all three 
samples. 
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CHAPTER T W O  
T H E  PHOTOREFRACTIVE E F F E C T  
2.1 Introduction 
The  photorefractive effect produces changes in the  refractive index as a result 
of a light induced redistribution of electric charge. In a photorefractive 
free carriers are preferentially generated in regions of hjgh light intensity, undergo 
transport,  and are preferentially retrapped in regions of low light intensity (Fig. 
2-11. The  result is a space charge field correlated with the light intensity pattern 
TS hich modifies the index of refraction through the electrooptic effect. Light Jvaves 
are abie to  interact in a photorefractive medium by mutually scattering from the 
grating which they create. Due t o  the  interaction the phase of each wave is modified 
and one waye can gain intensity a t  the expense of another. In this chapter 'i'i'e present 
a band transport mode1 of the photorefractive effect which includes both electron 
and hole conductivity and then soIve for the dependence of the space charge field 
on material parameters. T h e  coupled mode equations are then introduced t o  solve 
self-consistently for the  interaction of the  light waves with the space charge field in 
a photorefractive medium. 
The  photorefractive effect was first observed by Ashkin in LiXb03.' It was 
shortly thereafter observed in KTIK bj? Chen ~ v h o  proposed tha t  the refractive in- 
dex change was a result of the  drift of photoexcited carriers of unknown origin t o  
regions of low light intensity.2 Retrapped carriers created a space charge field which 
I ( x ) = I O ( I + m  cos k x )  
psc 
Fig. 2-1 The photorefractive effect. A light intensity pattern creates an electronic 
charge distribution which modifies the refractive index through the electrooptic 
effect. In general the refractive index pattern is spatially shifted with respect to the 
light intensity pattern. 
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modified the refractive index through the electrooptic effect. Early investigations of 
the photorefractive effect focused on identifying the photoexcitation and trapping 
-centers responsible for the photorefractive effect and in identifying the  mechanisms 
by whjch carriers underwent transport.  -4 number of analytic techniques includ- 
ing absorption spectroscopy, electron paramagnetic resonance(epr), and  mossbauer 
spectroscopy identified multivalent transition metal impurities as the  photorefrac- 
tive species in samples of LiYbOs and ~ i T a 0 ~ . ~ - "  Charge transport was found to  
occur through drift, diffusion, and the  photovoltaic effect.'-'' 
The diffraction of light by a thick phase hologram was first modelled by Kogel- 
nik using the coupled mode equations.I2 This approzch was extended by others to  
describe the dj-namic wave coupling which occurs in a photorefractive materia1.l3-l5 
\i7hile these dynamic models could explain the observed beam coupling and the time 
evolution of the index grating, the dependence of the index of refraction on inten- 
sity was assumed rather than obtained self-consistently. Kukhtarev introduced a 
band transport model of the photorefract ive effect and solved for the dependence of 
t he  index change on intensity and on material parameters.16 T h e  solution was then 
introduced into the coupled mode equations to  self-consistently solve for the  light 
and space charge fields in a photorefractive medium. This model has been widely 
used to  describe the  photorefractive efTect in a number of materials and under a 
varietj- of experimental conditions. Extensions have been made t o  include the effect 
of multiple carriers,''." multiple  specie^,'^ moving gratings,2@and time varying 
applied  field^.^' 
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The hopping model of the photorefractive effect was introduced by Feinberg.22 
Charge carriers are assumed t o  uhop" between sites with a probabiljty proportional 
t.o light intensity. Analytical solutions are difficult to  arrive a t ,  though the  two 
models do agree in limiting regimes.23 T h e  band transport model will b e  described 
in this chapter and  used throughout this thesis t o  describe all photorefractive mea- 
surements. 
2.2. Band Transport Model of the  Photorefractive Effect 
The band transport model of the photorefractive effect for the case of t ~ v o  
carrier transport from a single photorefractive species is illustrated in Fig. 2-2. 
T h e  total concentration of the donor species is given by Yo. A fraction of these 
are positvely ionized with concentration IT;. In order t o  preserve overall charge 
neutrality there exists a compensating acceptor level of concentration KA = K z .  This 
level is non photoactive. The  light induced charge redistribution in such a maferiz! 
occurs as follows. Both free electrons and holes are generated from transitions 
involving the donor level. Electrons can be photo or thermally excited from filled 
donor centers into the conduction band. Similiarly a mobile hole can be  created 
in the valence band by photo or thermal excitation of an  electron from the valence 
band into an  empty donor site. T h e  free carriers thus excited then undergo transport 
through drift, diffusion, and the photovoltaic effect. The  electrons (holes) recombine 
a t  an empty (filled) donor site. A space charge field is formed as a result of t he  
charge seperation and modifies the  refractive index through the electrooptic effect. 
T h e  process is described by rate and current equations for both holes and electrons, 
Band Transpor t  Model- t w o  charge c a r r i e r s  
Fig. 2-2 Band transport model of the photorefractive effect for the case of a 
single species, No, with both electron and hole conductivity. Electrons (holes) are 
photoexcited from an Ng (NE) ion, undergo transport, and are retrapped at an 
N, (Ng) site. 
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an equation of continuity, and Poisson's equation. 
The  rate  equation for electrons and holes are: 
The current equations for electrons and holes are: 
jh = e/ lhph E 4 kB T/.lhVph 4- K h S h + y 2 I  
The continuity equation is: 
T h e  Poisson equation is: 
where 
n, = free electron density 
ph= free hole density 
e= electronic charge 
I= light intenstiy 
k= Plank's constant 
E= electric field (zpplied plus space charge) 
E =  dielectric constant 
v = frequency of the  optical wave 
se ( sh )=  electron (hole) photoexcitation cross section 
p e ( $ h ) =  electron (hole) thermal generation rate  
7 ,  ( ~ h ) =  electron (hole) recombination rate  
j, ( j h )  = electron (hole) current density 
p, ( p h j =  electron (hole) mobility 
n, j ~ h )  = electron (hole) photovoltaic coefficient 
The solution of the above set of nonlinearly coupled equations for the case of 
a sinusoidal intensity pzttern given by 
proceeds as f ~ l l o w s . ~ % ~ u a t i o n s  (2 .3) ,  (2 .4) ,  and (2.6) are used t o  directly eIiminate 
for j,, jh, and I\';. The remaining equations are linearized as follows: 
n, =I ne.O + e. 1 eiKx+i6wt $ C.C. 
ih ' z+ibwf  
ph = Ph.0 + ~ h . l e  $ C.C. 
E = Eo -t E,,e i K a + i 6 w t  + C . C .  (2.10) 
Two approximations are made. The first is tha t  the response is linear in in- 
tensity modulation, which requires that  m=I1/b << 1. This allows for the ne- 
glect of higher order terms in the above expansions. Solutions for large inten- 
sity modulation are discussed e l~ewhere .~ '  The other requirement is tha t  both 
p h . ~  - Y L , . ~  << (,VD - N A  , K A ) .  This is valid under typical experimental condi- 
tions using continuous wave (c.w.) illumination. Keglecting second order quantities 
results in a set of three linear equations in three unknowns (E,,, n,.l, ph.1). The 
response time, 7 - I  = 6rii is found from the requirement tha t  for the existence of 
unique solutions the determinant of the set of equations must ~ a n i s h .  Solutions will 
be given for two limiting cases. 
2.2.1 Single Species Solutions 
In this section the solutions for the case of single carrier electron charge trans- 
port with no photovoltaic field are given.1652"~e take ph=jh =sh =7h =Ph = & = K ~ = O .  
The magnitude of the space charge field is given by: 
where the characteristic fields are given by 
E,= applied field 
ED = k B T K / e  (diffusion field) 
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Eq = el?;; ( 1  - A'&/IC'D)/co~K (limiting space charge field) 
The  limiting space charge field, E, is tha t  which occurs if all of the  available 
charge were t o  be seperated by one grating period. The  space charge field is always 
smaller than E, and  is usually limited t o  a value determined by the  smaller of ED 
or E,. The field can be enhanced to  values approaching the  limiting field by the 
application of an external field which assists in the  separation of charge. 
The spatial phase shift between the  intensity pattern and space charge field is 
given by 
W'ithout an appIied field charge transport is through diffusion and the space charge 
grating is shifted 7 ; / 2  from the intensity grating. 
The response time, re,  is complex valued and is given by 
where 
€06 
rdie = - (dielectric relaxation time) 
e p e n d  
1 
1 
T E e  = (drift time) 
K P ,  Eo 
e  
*De = (diffusion time) 
peks  T K 2  
I 
T R ~  = (recombination time) ?~exz  
and 
is the  free electron density. 
The response time becomes imaginary with the appiication of an  external field 
which leads t o  oscillations during the writing or erasing of a diffraction grating. The  
response time strongly depends on the electron transport length and the grating 
period. In the limit of large grating periods or small transport lengths the response 
time approaches that  of a uniform charge distribution given by the dielectric relax- 
ation time. In this limit the response time increases with grating period due to  the 
requirement t ha t  an electron must undergo an  increasing number of photoexcitation 
and retrapping steps before charge can be separated by a grating period. For small 
grating periods the response time approaches TI,, the inverse of the photoproduction 
and  recombination rates. 
2.2.2 Two Species Solutions 
The solution for space charge field for the case of bot,h hole and electron con- 
d u c t i ~ i t y  with no applied or photvoltaic fields is given 
where o, and oh are the  electron and hoIe conductivities and rd;h and  TI^ are 
given by replacing the  electron parameters by the  corresponding hole parameters 
in (2.15,19), Xote t h a t  no grating can form if the  electron and hole conductivities 
are  equal. 
The response time is given by 
2.2.3 Photorefractive index change 
The photorefractive space charge field modifies the refractive index of a material 
through the electrooptic effect. Changes t o  refractive index are described by changes 
t o  the index index ellipsoid given by 
where Ek is the  kth component of the electric field, and r;,.k and p,jki are the linear 
and  quadratic electrooptic coefficients. 
IR a material with a linear electrooptic effect and in which higher order elec- 
trooptic term can be neglected the index change, An, created by the photorefrac- 
tive space charge field, E,,, is given by 
where n, is the  index of refraction of the material with no applied field and r , j j  is 
the  effective linear electrooptic coefficient. 
- 28- 
For materials with inversion symmetry, such as paraelectric K T N ,  the 1' lnear 
electrooptic effect vanishes and the lowest allowed eiectrooptic effect is the quadratic 
'one. The index change is then given by 
where p e j j  is the  appropriate quadratic electrooptic coefficient and  E, is an  exter- 
nally applied field. In Chapter 4 use is made of one of the grating terms in the 
expansion of eq. (2.25) t o  modulate a diffraction grating with an  externally applied 
field. 
2.3, Photorefractive J7i'ave Coupling 
In section 2.2 solutions of the  space charge field were found for the case of 
a uniform light intensity pattern. In a photorefractive material, light waves are 
coupled through self diffractior, frcm the grztings which they create. This results in 
an exckange of both intensity and phase information between the  two waves which 
in turn  modifies the space charge field since the transport equatjons (sect. 2.3J.4)  
depend on the intensity I. L? this section the coupled mode equations will be used 
to  self consistently solve for the interaction of light waves and the  photorefractive 
grating which they create. 
Consider two waves incident on a photorefractive sample as illustrated in Figure 
2-3. The  waves are t,aken to  be of the  form 
El (r, t )  = A~ (I-) ei('l .F- wt)61  + C . C .  
Fig. 2-3 Two wave mixing geometry in a photorefractive material. The two waves 
are incident on the sample with polarization and e :̂! and with amplitudes Al and 
A2 
E2 (r, t )  = ~ ~ ( r ) e ~ ( ~ ~ ~ - ~ ~ )  ez A + c.c.  (2.26bj 
and are polarized along the unit vectors GI and 6,. T h e  waves create a photore- 
fractive index grating given by 
where E,, is the  ratio of the magnitude of t h e  photorefractive space charge field to  
the  intensity modualtion, m, and where 
d e j j  = r e j j  -+ ? J e j j ~ o  (2.28) 
is the effective electrooptic coefficient which is taken t o  include both the  linear and 
the  quadrztic electrooptic effect with an applied field , Eo.  
Substituting eqns. (2 .26 ,27 )  into the scalar wave equation 
V E ( r )  i k 2 ( r ) ~ ( r )  = 0 ( 2 . 2 9 )  
where k = :n, and by using the  slowly varying envelope approximation, 
results in the  coupled wa-ire equations 
where 
iw A1 A; + Az-4G , 
7 = - d P j i n z ~ ~ ,  el - ii2 
4 c 
(2.33) 
A 1  A; 
is the coupling coefficient, and a is the absorption coefficient. T h e  equations can be 
expressed in terms of the intensities and phases of the waves using A; = ~ ~ ~ ' ~ e ~ ~ i  
d l 1  
C O S ~ ~  -= -r 11 12 - ctIl (2 .34)  
clz I 1  -+ 12 
d I 2  cosQ2- = r 11 12 - d2 (2.35)  
d z I 1  + I 2  
ddll 12 
cosQ1 - = -7% (2.36) 
d z  11 + 12 
d d 2  
C O S ~ ~ -  = -3% - I 1  ( 2 . 3 7 )  
d z 11 T 12 
where T=2Re:r] and ?,= I m i ~ ] .  Solutions of the above equations for the symmetric 
geometry ( Q 1  = 82 = 8 )  are given by 
where q =z/cosO. 
The  solutions indicate tha t  when two waves interact in a photorefractive medium, 
one will gain intensity at  the expense of another. T h e  amount of gain is determined 
by the  component of the  space charge field, E,,, which is 7i/2 out  of phase with 
the  intensity pattern. The  coupling can be understood t o  arise from both waves 
scattering from the grating with the same amplitude, but  one will scatter construc- 
tively and the other destructively into the other. Kote tha t  the direction of gain 
is determined by the sign of 7.  This can be used to  determine the  sign of the 
photorefractive charge carrier if the sign of the electrooptic coefficient is known. 
2.4 Pllotorefractive measurements 
TT7ave coupling measurements provide information on the phase and the mag- 
nitude of the photorefractive nonlinearity. The  two beam coupling constant, T, can 
be determined by measuring both the  incident and transmited intensities for each 
wave. r is then determined from the identity 
where 1 is the thickness of the sample. For the case of low photorefractive coupling 
the grating can be approximated as a plane holographic grating. T h e  diffraction 
esciency from a plane thick hologram derived by Iiogelnik from the coupled mode 
equations is given by12 
where cu is the absorption coeficient, An is the refractive index change, X is the 
wavelength of t,he light, and 8 is the  angle between the incident and diffracted waves. 
-4 parameter used t o  compare photorefractive materials is the photorefractive 
sensitivity, S, defined as the index change per absorbed unit of energy. It is a mea- 
sure of how effciently a material uses an  absorbed photon t o  create a photorefractive 
grating.  It is given by2G.27 
where Ano is the amplitude of the refractive index change, I is the intensity, and 7, 
is the photorefractive response time. 
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C H A P T E R T H R E E  
CRYSTAL GROU7TH O F  P H O T O R E F R A C T N E  KTN 
3.1 Introduction 
Ln order t o  investigate the photorefractive properties of a material it was 
deemed essential t o  also become involved in the growth of these materials. Many of 
the  more promising photorefractive materials suffer from severe availability prob- 
lems. In addition, a close interaction between crystal grower and materials re- 
searcher is expected t o  benefit both fields. Crystal growth is often described as an 
art  rather than a science. The  conditions necessary to  produce good quality crystals 
vary for each material and growth system and can only be learned through experi- 
ence. This chapter describes the crystal growth of photorefractive KTal-,Kb,Os. 
A high temperature crystal growth system was designed and constructed. The  sj-s- 
tern as well as the top seeded solution growth method used to grow XTX will be 
described. The  structural and ferroelectric properties of K T N  will also be discussed. 
The high temperature crystal growth system consists of two main assemblies: 
the furnace and the puIling apparatus.  A schematic of the furnace is shown in Fig. 
3-1. The  furnace is formed by four concentric aluminum oxide ceramic cylinders. 
Several aluminum oxide discs, which a re  cemented together and fit into the ends 
of the cylinders, form the top and  bot tom of the furnace. The  top assembly is 
removable t o  allow easy access into the  furnace. SeveraI holes are machined into this 
d 
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Fig. 5 1  Righ temperature crystal growth system used to grow photorefractive 
crystals: (PR) pulling rod, (HE) heating elements, (TC1-4) thermocouples, (VP) 
viewing port, (IP) illumination port. 
assembly for the placement of the heating elements, access for the cryst,al pulling 
tube,  and for two viewports. Four small 1/2" holes in the bottom assembly are 
used for the placement of thermocouples into the furnace. The inside of the furnace 
measures gn in height with a 9" inner djameter and is open t o  the atmosphere 
during growth. A lOOcc platinum crucible is located at the center of the furnace 
and is supported by a thin aluminum oxide crucible. 
The furnace is heated by six molybdeum disiljcide resistance heating elements 
arranged in series. A programmable temperature controller allows for the adjust- 
ment of the temperature to within O.1C. It accepts input from a P t /P tRh  thermo- 
couple placed within the furnace. The controller is connected t o  a silicon control 
relay switch (SCR) which adjusts the current to the heating elements. The line 
~ o l t a g e  t o  the SCR is stepped down to  a nominal value of 30 volts by a variable 
transformer. Three other thermocouples within the furriace are monitored. These 
are located a t  the base and a t  the top lip of the crucjbie, and at the base of the 
seed crystal. The maximium temperature of the furnace is lG50C and is stabIe to  
0.1C. Operating power is 1 kTT a t  l25OC. 
The purpose of the pulling apparatus is t o  support the crystal during growth 
and to  provide the cooling force necessary t o  drive the growth process. It  consists 
of a stainless steel pulling tube through which a stabilized air stream flows a t  a p  
proximately 5 l/min. At the end of the pulling tube is an aluminum oxide ceramic 
tube which is lowered into the furnace and to  which a seed crystal, used to  initiate 
growth, is attached by platinum wires. A concentric stainless steel inner tube allows 
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cooling air to  fiow t o  the tip of the ceramic tube and cool the seed crystal. The 
air then f i o ~ ~ s  out through a fixture which connects the ceramic and pulling tube. 
During growth the tube and attached crystal are rotated, a t  typically 20 rpm, with 
the direction of rotation reversed every 160 sec. The purpose of this is t o  present 
as uniform a temperature and flux composition as possible a t  the growth boundary. 
The pulling apparatus is mounted to  a linear translation stage. The pulling rate 
can be controlled electronically between 0.225 mm/hr to  lmm/sec. 
3.3  Top seeded solution growth method 
This section describes the top seeded solution growth of KTK.1.2 K T N  is grown 
in a solution with an excess of K 2 C 0 3  (solvent). Solution growth is necessaiy since 
K T 5  as well as KTaOs and K?;b03 melt i n c o n g r u ~ u s l ~ . ~ ~ ~  Tha t  is, they decompose 
into different components before melting which pretents single crystal growth in a 
stoichiometric melt. One advantage of solution growth is that  the solvent loivers the 
growth temperature below the melting point of the solid. The lower temperature 
makes possible the growth of a number of high melting point crystals and also 
leads to  lower defect concentrations. However, the solvent also leads t o  significantly 
slower growth rates (roughly lcm/day). 
The phase diagram of the KTaO3-KKbOs solid phase solution is given in Fig. 
3-2.' In the top seeded solution growth method a seed crystal attached to  the 
pulling tube is lowered into the flux of composition xi. The temperature is lowered 
t o  slightly below the liquidus a t  temperature TI .  The solution is supersaturated 
and solid growth results on the seed. Xote that  the air cooling insures that  the seed 
OOOC 
KTN Phase Diagram 
x (mole f rac t ion)  
KTa03 KTa i -X Nbx03  KNbO, 
Fig. 3-2 Phase diagram. for the KTa03-KNb03 (KTN) system. The flux is at  
concentration xi. Growth is initiated at temperature, T I ,  with crystal composition 
xl and is maintained by cooling to temperature Tz. 
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is the nucleation site. At this point equilibrium is soon reached between a solid of 
composition xl with a liquid solution of composition xj. For growth to continue: 
the  temperature is lowered continuously. 
!Then growth occurs over the temperature range TI t o  T2, the  composition of 
the  crystal varies between xl and XZ.  This inherent concentration gradient can be 
reduced by growing crystals smaIl in volume with respect t o  the melt bu t  is always 
present when using the slow cooling method. T h e  growth of good quality crystals 
is critically dependent on the furnace. The  temperature within the furnace must 
be as uniform as possible to  prevent nucleation sites other than  the  seed crystal t o  
develop. In addition, any small temperature fluctuation will result in corresponding 
compositional variations or striations. 
As an example of a typical growth process we s u m a r i z e  the  steps for the 
gro~vth of a KT?;:Cu,'\' crystal. The  main stages of the growth process are as 
folloivs: 
(a) Preperation of the solution. First a solution of the crystal constituents is formed 
using KzO as the  solvent. The  initial powder composition which placed into 
the crucible is given in table 3-1. 
The powder was warmed up t o  1300C and soaked at t h a t  temperature for 
approximately 20 hours. 
(b) Seeding. A seed crystal was mounted on the pulling tube and lowered into the 
furnace. T h e  seed was taken from a crystal with nearly the same composition 
( % per mole I 
Table 3-1 Composition of the flux from which a KTN:Cu,V crystal was grown 
using the top seeded solution growth method. 
as that  being grown. It  measured 0 .33~0.25~0.75 mm3 and was cut along the 
crystalographic \100] directions. The seed was lowered into the melt for several 
minutes, pulled out, and and observed through the viewports to  determine whether 
growth had occurred at the seed. The process was repeated several times with the 
temperature being lowered after each step until growth was observed to  occur a t  
1275C. Kote that the air cooling of the seed insures that  it is the only nucleation site. 
The temperature a t  the touching point is now at the liquidus of the solution and the 
seed and soIution is a t  equilibrium. A rotation of the seed (20rpm) is initiated with 
the direction of rotation reversed every 160 seconds in order to  maintain isotropy 
of the temperature and t o  stir the solution. 
(c) CrystaI Growth. After this equilibrium is reached a slow cooldown of the 
combined seed-+solution system is started a t  0.5 C/hr. This is the main growth 
stage and occurs over a 25-hour period with the temperature lowered from 
1275C t o  1262.5C. The crystal was then pulled out of the melt a t  a rate of 
0.223 m / h r  for approximately 24 hours with the cooldown rate increased to 
1.5C/hr. 
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(d) Anealing: The crystal is slowly cooled t o  room temperature a t  a rate of 15C/hr. 
The crystal is shown in Fig. 3-3a. It  is blue-green and weighed 25.89 gm. 
Its chemical composition was determined by electron microprobe analysis and was 
found to  be  KT+.8:Kbo.ls 03:Cu,V. (The Cu concentration was 0-0.0024% per 
mole, and the  V concentration was 0-0.0006%). The optical quality was very good 
except for some external scratches. 
3.4 Growth of photorefractive KTN crystals 
A number of crystals were grown with varying Ta/Nb ratios and doped with 
a a variety of transition metals. The first crystals grown had a relatively low ?;b 
concentration (x=0.1) with a T, =loOK. This was due to  the availability of seed 
crystals with this composition. Successive KTK crystals were grown with slightly 
increasing Nb concentrations using seed crystals from the previous growths. By this 
method crystals were groivn a r e r  the range x=0.10 to  x= 0.35 with the  correspond- 
ing phase transitions extending from T=100C to  T=300C. All samples were doped 
with transition metals. Dopants used singly include Fe, Ti,  Cr, and Cu. Double 
doping combinations include (Cu,V), (Fe,Ti), (Fe,Cr) and (hln,Ti). Photographs 
of four K T 3  crystals: KTN:Cu,V, KTK:Fe, KTN:Ti and KTE:Fe,Cr, are shown in 
Figs.3-3(a)-(d) . 
Several types of defects occur in the grown IncIusions occur for fast 
growth rates and always exist a t  the point where growth is first initiated a t  the tip 
of the seed crystal. The defect site usually propagates down the entire length of the 
crystal along the growth direction. Planar growth boundary defects occur along 
Fig. 3-3 (a),(b) Photographs of a KTN:Cu,V crystal and a KTN:Fe,Cr crystal. 
Fig. 3-3 (c),(d) Photographs of a KTN:Fe crystal and a KTN:. Ti  crystal. 
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the diagonals of a cross section of a crystal. They are the result of the boundary 
between regions of different growth directions. Both defects are visible from the 
strain they produce in a KTN sample placed between crossed polarizers. Samples 
are cut from a crystal using a wire saw so as t o  avoid these defects. The  samples 
are then polished using a series of lapping and polishing steps. The sample is first 
mounted in a hand held jig and is then lapped flat on a glass surface using 5 micron 
aluminum oxide. This is followed by a rough polishing step with 3 micron diamond 
abrasive on a polishing cloth. The final polish is done using 0.3 micron aluminum 
oxide on cloth. After each step the sample and jig are ultrasonically cleaned to  
remove any abrasive. Cr and Au electrodes are then evaporated on two opposite 
sides the sample. 
Six samples cut from different crystals were prepared for the photorefractive 
studies described in this thesis. The composition, dopants, Curie temperature, and 
chapter in which the samples are described are summarized in Table 3.2. The com- 
positions were determined using electron microprobe analysis. The  temperature 
dependence of the low frequency dielectric constant was determined from capaci- 
tance measurements. The Curie temperatures was taken t o  correspond to  the high 
temperature peaks in the dielectric constant. In addition, the photorefractive p r o p  
erties of a series of KTK crystals doped with Fe and Cr with fersoelectric phase 
transitions near room temperature were also investigated. Their properties are 
reported elsewhere.' 
1 Sample ( Tc 1 Chapter I 
Table 3-2. The chemical composition, Curie temperature, and the chapter in which 
each sample is investigated. 
3.5 Properties of K T N  
KTal-,Kb,03 (KTN) is a solid solution consisting of l i T a 0 3  and K5bOs.  
The dimensions of the unit cell is relatively constant across the composition range 
of the solution. The lattice constant of a K T ~ o ~ 7 a N b o , 3 0 0 3 : C ~ , ~ ~  sample in the cubic 
phase was determined from powder x-ray diffraction measurements t o  be a,= 3.997 
angstroms (Fig. 3-4). By comparison- that  of KTa03 is a,= 3.959 angstroms.' The 
small change in lattice constant with the addition of Kb makes possible the growth 
of KTK throughout the solution range. KTK has a perovskite structure given by 
the general formula AB03  (Fig. 3.5).' The K ion occupies the A site represented 
by the corners of the cubic cell. A Ta ion or a Pib ion occupies the B site at the 
center of the cell. The oxygen ions occupy face center sites and form an octahedral 
cage about the B cation. 
KTX undergoes a paraelectric t o  ferroelectric phase transition with a Curie 
temperature which depends approximately Iinearly on Kb concentration (7 C per 
mole % of I\ib).lo The Curie temperture varies from that  of KTa03,  which a p  
proaches a ferroelectric phase transition a t  T=OK, to  that  of K K b 0 3  at T=712K. 
1 Comparison of  d - ~ n a c i n : , s  i n r  a K T N . C I I , V  
w i t i i  a reference standard f c r  KT 
Fig. 3-4 Po~vder x-ray difiraction spectrum for a I iTao,7,Sbo.3003:C~,V sample. 
Also shown for comparison is that  of a cubic KTaOs crystal. 
Fig. 3-5 Perovskite structure given by the general formula AB03. 
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For x>0.30 the transition is first order which results in a discontinuity in the spon- 
taneous polarization as the temperature is lowered through the transition. It is 
second order for x<0.30 which produces a continuous change in the  spontaneous 
polarization through the transition. In the paraelectric phase KTX is cubic with 
point group m3m. As the temperature is lowered it undergoes transitions from 
the tetragonal t o  the orthorhombic to  the rhombohedra1 phases with the symmetry 
reduced t o  point groups 4 m ,  mm2, and 3m respectively. Each phase transition is 
a result of displacements of ions from the site occupied in the cubic phase.g The K 
ion remains essentially fixed. As the temperature is lowered from the  cubic phase 
the (Ta,Xb) ions are displaced along [031] in the tetragonal phase, j011] in the or- 
thorhornbic phase, and [111] in the rhornbchedral phase. The oxygen octahedra 
remains rigid and undergoes tilts along each of these directions. 
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CHAPTER FOUR 
APPLICATIONS O F  THE 
PHOTOREFRACTIVE EFFECT 
4.1 In t roduc t ion  
Perhaps the most promising use of photorefractive materials is as volume holo- 
graphic storage media. In this section we describe two applications involving the 
storage of volume holographic gratings in KTN. The first is a voltage controlled 
photorefractive effect which allows for full amplitude modulation of a diffracted 
wave a t  speeds much faster than the space charge response time.' The effect uti- 
lizes the quadratic electrooptic effect and an externally applied field in paraelectric 
KTN. The second section describes a procedure used to fix a photorefractive grat- 
ing in a KTN sample.2 It involves the writing of a photorefractive grating in the 
cubic phase of K T N  and cooling the sample under an applied field through succesive 
phase transitions into the rhombohedra1 phase. 
4.2 Voltage controlled photorefractive effect 
4.2.1 Photorefract ive proper t ies  of paraelectric KTN 
Most previous demonstrations of the photorefractive effect involved the use of 
materials with a linear electrooptic effect. The refractive index change is directly 
proportional to  the magnitude of the photorefractive space charge field. Modulation 
of the diffracted wave is limited by the time needed to redistribute the electronic 
charge of the space chmge distribution. Response times as fast as a 20 microseconds 
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under 4 \V/cm2 illumination have been observed in semiconductors such as GaAs? 
In materials which lack inversion symmetry, such as  paraelectric KTN and PLZT 
ceramics, the linear electrooptic effect vanishes. For these materials the lowest 
allowed electrooptic effect is the quadratic one and an externally applied field is 
needed for light t o  diffract from the photorefractive gratings which they create. 
In the paraelectric temperature range (T>T,) KTN is cubic with the cen- 
trosymmetric space group m3m, and thus the electrooptic effect is quadratic and is 
given by4 
where An is the birefringence, no is the refractive index, g is the appropriate 
quadratic eIectrooptic coefficient, and P is the static (low frequency) polarization, 
given in the linear region by 
where E is the dielectric constant and E is the electric Eeld. The photorefrac- 
tive effect which arises in paraelectric KTK can be summarized as fofIours: A spa- 
tially modulated light distribution creates a photorefractive space charge fieId, E,,, 
through the charge photoexcitation and transport mechanisms described in chapter 
2. In the prescence of an external electric field, Eo, these space charge fields induce 
refractive index changes given by 
The first term represents a uniform index change and will not diffract light. 
The last term has twice the spatial frequency of the light intensity grating, and in a 
thick hologram will not diffract the writing beams since the Bragg condition is not 
satisfied. The second term represents a diffraction grating with an index change 
given by 
Therefore the diffraction grathgs in paraelectric KTN are linearly proportional 
to  and can be modulated by an externally applied electric field, E,. This allows 
the use of KThT as a medium for ampIitude modulated holographic interconnects 
or phase conjugation. 
4.2.2 Experiment 
A K T N  crystal doped with Cu and V and grown using the top seeded solution 
growth method was used for the experiments. Its chemical composition was de- 
termined from electron microprobe analysis to be given by f ( T a o . ~ ~ h T b ~ . ~ ~ O ~ .  The 
sampIe measured 3.0x3.5x5.5mms and was cut along the [100] crystallographic di- 
rections. It appeared uniform when viewed through crossed polarizers. Electrodes 
of Cr and Au were evaporated on the sides normal to  the 5.5mm edges. The sample 
was then placed in a low temperature cryostat system in which the temperature 
could be controlled to within 0.1K. 
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The ferroelectric phase transition temperature was determined from capaci- 
tance measurements of the low frequency dielectric constant. The paraelectric-to- 
ferroelectric transition (cubic-to-tetragonal transition) corresponds roughly to  the 
highest temperature peak observed a t  T,=100K. The dielectric response, ~ ( w ) ,  was 
measured using capacitance measurements a t  several temperatures above T, and 
at frequencies up to  lOOkHz (Fig. 41). 
The linear response for the polarization given in Eq.(4.2) is only vaIid for small 
fields. In accordance with the Devonshire theory of ferroelectric phase transitions, 
the dependence in the paraelectric phase is approximated a s  
A modified Sawyer-Tower circuit was used to measure the dependence of the static 
polarization P on the electric field, E.' It was determined that a=4.08~10~cm/F 
and b=4.15X1019 cm5/V2F3. 
Holographic diffraction measurements were made using the two wave mixing 
method. A schematic of the experimental setup is shown in Fig. 4-2. A photore- 
fractive diffraction grating was written using two expanded beams from a 514nm 
Ar+ laser. The beams were expanded to prevent the formation of an internal field 
due to the buildup of charge in dark regions. The exposure lasted 7.75 min under 
an applied field during writing of E,=SOOV/cm. Each beam had an intensity of 
32mFV/cm2 and was polarized in the plane of incidence. The angle between the two 
writing beams was 1 ldegrees (2.7pm grating period). All measurements were made 
Fig. 4-1 The frequency dependence of the dielectric constant, cfw), of a KTN 
sample at several temperatures in the paraelectric phase. 
Fig. 4-2 Experimental set-up for the holographic diffraction measurements. A 
photorefractive index grating is written using two beams from a 514nm Ar laser. 
The strength of the grating is monitored by the diffraction of a weak HeNe beam 
alligned at  the Bragg angle. 
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a t  T=112K. The magnitude of the index grating was monitored by the diffraction 
of a weak HeKe beam aligned at  the Bragg angle. It was verified that the grating 
-was not noticeably erased by the weak probe beam. 
After the diffraction grating was written the writing beams were blocked and 
the diffracted intensity of the probe beam was measured as the applied voltage was 
varied. The dependence of the diffraction efficiency, q ,  on the applied voltage during 
readout is given in Fig. 4-3. The diffraction efficiency is observed to  saturate a t  
about 60% with a 1100 V applied field. A 5OV/cm BOkHz ac field and a 4OOV/cm 
dc bias field were applied to the sample to demonstrate the modulation capability 
of the voltage controlled photorefractive effect. The modulating frequency in our 
experiments was limited to 20Khz by the bandwidth of our oscillator. The temporal 
behavior of the diffracted signal with the ac field is shown in Fig. 4-4. 
4.2,3 Discussion 
The diffraction efficiency in the geometry of Fig.4-3 is given approximately by 
that from a plane volume hologram6 
where CY is the absorption constant, 1 is the sample thickness, B is the angIe betweeen 
writing beams, and the refractive index change, An, given in Eq.(4.3) is proportional 
in magnitude to  the externallly applied field. However, the dependence in Eq.(4.3) 
is not valid for large applied fields. To first order P varies as 
Applied Voltage (VO~S)  
Fig. 4-3 The dependence of the diffraction efficiency of a photorefractive grating 
written in paraelectric KTN on an externally applied voltage. 
Fig. 4-4 The temporal dependence of the diffraction efficiency of a photorefractive 
grating in KTN under an applied 20KHz field. 
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where Eo is the applied field and where Po=e,(e - l )Eo .  Thus p2 will contain a 
grating term of the same spatial frequency of the intensity pattern given by 
The result is an induced refractive index grating given by 
from which we expect &(An)  to  vary nonlinearly with the applied field, E,. 
The time response of the conventional photorefractive grating utilizing the lin- 
ear electrooptic effect, i.e., in ferroelectric crystals, is limited by the time needed 
to  rearrange the eIectronic space charge, i.e., E,,. The voltage controlled photore- 
fractive effect which makes use of the quadratic electrooptic effect is limited by the 
dielectric response, ~(w), since E,, can remain constant and An is controlled by 
E,. The dielectric response contains both an ionic and electronic contribution. As 
the temperature approaches the ferroeIectric phase transition the ionic component 
becomes damped and undergoes a critical slowing down. The response, ~(w), is 
seen in Fig. 4-1 to drop off at  roughly 100khz. Sote  that this is many orders of 
magnitude faster than the photorefractive space charge response (roughIy 1 sec-l). 
The results described above demonstrate the ability to  rnodulate the amplitude 
of a photorefractive diffraction grating in paraelectric KTN by the use of an external 
field. Full ampIitude modulation a t  frequencies limited by the dielectric response 
is possible. Such an effect may be useful in applications which require the external 
control of the strength of an optical interconnect. Examples of these arise in the 
areas of optical switching and optical neural networks. 
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4.3 Fixing of a photorefractive grating in KTN 
Photorefractive materials have found wide use as voIume holographic storage 
media. Several fixing procedures have been developed to  create diffraction gratings 
which are not erased under readout illumination. Fixed gratings in LiNbOg were 
formed by heating the sample to  a temperature which allowed a compensating ionic 
space charge grating to form.7 After illumination a t  room temperature, the elec- 
tronic space charge grating is erased by uniform illumination leaving only the fixed 
ionic grating. Micheron has demonstrated fixing procedures in SBN which create 
ferroelectric domains correlated with a photorefractive space charge field. One pro- 
cedure makes use of an applied electric field of magnitude sIightly less than the 
coercive field to  locally switch  domain^.^ The other creates locally switched ferro- 
electric domains by cooIing the sample through the ferroelectric phase transition? 
Fixing has also been demonstrated in Bil2TiOZ0 (BTO) using a combination of 
thermal cycling and the application of an ac electric field.'' In this section we de- 
scribe a procedure used to  fix photorefractive gratings in KTal-,Nb,Os (KTN) 
which involves cooling the sample through the ferroelectric phase t r an~ i t i on .~  
4.3.1 Experimental measurements and procedure 
The KTN crystal was grown using the top seeded solution growth method 
from a melt doped with Cu and V. A thorough characterization of the photorefrac- 
tive properties of KTN:Cu,V will appear in Chapter 5. Cu has been identified as 
the photorefractive active species, with charge transport due to  electron photoex- 
citation from the Cu'+ ion and subsequent retrapping by a Cu2+ ion. A sample 
measuring 0.44x0.46x0.69cmS was cut and polished along the [001] crysta1Iographic 
direction. The sample was then reduced, converting Cu2+ ions to  Cul+ ions, using 
a thermal heat treatmentLL. This involved seaIing the sample in a quartz ampule 
filled with 0.3 a tm of nominally pure Ar gas, which was then heated to 800C and 
kept at that temperature for 12  hours before being cooled to  room temperature. 
Cr and Au electrodes were evaporated on faces perpendicular t o  the 0.69cm edges. 
The chemical composition was determined from electron microprobe analysis t o  be 
XT~.87Nb0.1303. CU was found to be present a t  a concentration of 3.0(10~~)/cm'. 
The V concentration was below the detection limit of 1 0 ~ ~ / c r n ~ .  The sample was 
then mounted in a low temperature cryogenic system which allowed the temperature 
to be stabilized to  within 0.1K. 
The temperature dependence of the low frequency dielectric constant of the 
Ka(&).87 PCTb0.1303:Cu,V sample, determined from capacitance measurements, is 
given in Fig. 4 5 .  The peaks correspond roughly to the phase transition temper- 
atures of KTN. The high temperature paraelectric phase is cubic. As it is cooled 
it undergoes ferroelectric transitions from the tetragonal t o  the orthorhombic to  
the rhombohedra1 phase. In these ferroelectric phases the spontaneous polarization 
lies respectively along the [OOl], [Oil], and llll] directions. Also shown in Fig. 
4-5 is the temperature dependence of the spontaneous polarization along the [001] 
direction. It was determined by measuring the pyroeIectric current on heating the 
sample after it was cooled to  the low temperature phase under a lOOOV bias. The 
spontaneous polarization decreases rapidly on approaching the tetragonal phase. 
Temperature (K) 
Fig. 4-5 The dependence of the static dielectric constant and the spontaneous 
polarization of a KTN:Cu,V sample on temperature. 
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A similiar temperature dependence of the spontaneous polarizat,ion was measured 
in a K1,,Li,TaOs sample.12 The cubic to  tetragonal transition is found to  be of 
second order which reduces the danger of damaging the sample on cooling through 
the phase transitions. 
The temperature dependence of the photocurrent under a lOOOV bias was mea- 
sured. The sample was illuminated uniformly with an expanded 20mw/cm2 514nm 
beam. The light was polarized along the direction of the applied field. The measure- 
ments were made on cooling the sample from the cubic phase. The photocurrent 
is seen to be roughly constant in the cubic phase and to  steadily drop on cooling 
through the ferroelectric region [Fig. 46). 
Photorefractive diffraction gratings were written using two equal intensity 150 
mw/ cm2 beams from a 514nm Ar laser. The beams were expanded to  uniformly 
illuminate the sample to  which an electric field was appIied in the plane of incidence. 
The beams crossed a t  a 16 degree angle and were ordinary polarized to prevent 
strong beam fanning and coupling. An expanded beam norminally incident from 
the reverse side was used as an Yerase" beam. In order to  monitor the diffraction 
efficiency of the grating an extraordinary polarized 15kw 632.8nm HeNe beam was 
aligned a t  the bragg angle. The HeNe beam was chopped and a lock-in amplifier 
was used to  detect the diffracted signal. 
Photorefractive measurements were made at  T=135K in the paraelectric cubic 
phase under a lOOOV bias voltage. At this temperature ph~t~orefractive diffraction 
gratings could be written and erased in the usual manner. The gratings had an 
Temperature (K) 
Fig. 4-6 The temperature dependence of the photocurrent of a KTN:Cu,V sample 
under a lOOOV bias and under 20mw/cm2 514nm illumination. 
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erase time of 3 sec under 250 mW/cm2 illumination. A grating with a diffraction 
effciency, q, of 10% was written after which the writing beams were turned off. The 
dark storage time of these gratings has been determined to  be of the order of several 
days. The sample was then cooled from the cubic phase through the tetragonal and 
orthorhombic phases to  T=108K in the rhombohedra1 phase. During the cooling 
the HeFe probe beam was used to  monitor the strength of the grating (Fig. 4-7). 
The diffraction efficiency increased on approaching the ferroelectric transition and 
peaked a t  a value of 38% before falling to  q=10% at T=108K. The bias voltage 
was then removed and the sample was illuminated with the normally incident 250 
mw/cm2 erase beam. The diffracted intensity initially rose and within a few seconds 
decreased to  its original value of q=10 9% (Fig. 4-8). The diffraction efficiency of 
the fixed grating was observed to remain at this value for haIf an hour. The bias 
voltage uras then reapplied and the sample was slowly reheated under illumination 
with the erase beam. The grating remained fixed until T=123K at which the grating 
disappeared abruptly. 
The fixing procedure was repeated under varying conditions. The fixed grat- 
ings have been observed to undergo no change in diffraction efficiency after several 
hours of illumination. To create a fixed grating, it was found necessary to  cool the 
sample from the cubic phase through the orthorhornbic and tetragonal phases to  
the low temperature rhombohedral phase. If the sample is cooled to  temperatures 
slightly above the tetragonal to  rhombohedra1 transition the photorefractive grat- 
ing is erased under illumination. However, once a grating is £ixed it remains so on 
Temperature (K) 
Fig. 4-7 The temperature dependence of the diffraction efficiency of a photore- 
fractive grating written in the paraelectric phase and cooled through the tetragonal 
and orthorhombic phases into the rhombohedra1 phase under a bias field. 
Time (see) 
Fig. 4-8 The diffraction efficiency of a fixed grating in K T N  after being cooled 
into the rhombohedra1 phase and then illuminated. 
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heating into the orthorhombic and tetragonal phases but disappears on heating into 
the paraelectric phase. Also the quality of the grating as determined by the amount 
- of scattered light improved with increasing temperature. It has been observed that 
even after a single grating is fixed it is still possible to write and erase other unfixed 
gratings. Other evidence for this is the existence of dynamic beam fanning in the 
sample in the prescence of a fixed grating. After a grating has been fixed it can be 
restored to  its unfixed state, one in which it is erasable under illumination, simply 
by reheating the sample back to  the cubic phase. 
4.3.2 Discussion 
The Wing process just described is not similiar t o  those which rely on an 
ionic compensation of the photorefractive space charge field.7 From Fig. (4-7) and 
Fig. (4-8) it is observed that the diffraction grating and hence the space charge 
grating, is not coxapemated by another, Nor is the fixing procedure similiar t o  those 
which locally switch ferroelectric d~mains.~q' In these procedures the electronic 
spacecharge field is erased after domain formation. In addition, the applied field 
parallel to  the grating vector during cooling insures that the sample has a large 
spontaneous polarization along the [001] direction. 
The above results are consistent with the existence of two types of photore- 
fractive species. In the cubic phase both species are absorbing and contribute to 
the photorefractive effect. As the temperature is lowered into the rhombohedra1 
phase the species responsible for the fixed grating becomes photorefractively in- 
active. That is it neither photoexcites or traps free carriers. Evidence for this is 
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the steady drop of the photocurrent on cooIing into the ferroelectric region. On 
reheating the fixed grating to the cubic phase this species once again becomes p h 5  
toexcitable and the grating becomes eraseable. The second species, possibly present 
at  lower concentrations, remains photoexcitable at  all temperatures. I t  is respon- 
sible for the observed dynamic photorefractive effect in the rhombohedra1 phase in 
the presence of a fured grating, 
Such a process would involve the interaction of the photorefractive species 
with the ferroelectric phase transition. The ferroelectric properties of perovskites 
are strongly effected by the symmetry and dynamics of impurities.'3-15 In KTN it 
is believed that in the cubic phase the Nb ions hop between eight equivalent sites 
along the [ill] directions of a cube.15 The tetragonal and orthorhombic phases, 
respectively, result when the PC'b ions are constrained to hop between sites in the 
direction of the corners of a half cube and in the directions sf two adjacent corners of 
a cube. The rhombohedra1 phase is due to the constraint of the Nb ions to a single off 
center site in the directions of the corners of a cube. For the case of a photoexcitable 
impurity center, Lesanyuk has shown that interaction with the ferroelecric soft mode 
or phase transition, can cause the ion to  be displaced from its symmetric position.'6 
This off-center displacement can then raise the energy required for photoexcitation 
to a value such that the state no longer is absorbing. In KTN:Cu,V Cu has been 
determined to be the predominant photorefractive species in the cubic phase.11 On 
cooling into the rhombohedra1 phase the Cu ions, as do the A% ions, may freeze 
out at  an off center site. Such a distortion may result in the Cu ions becoming 
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photorefractively inactive or Exed. On reheating into the cubic phase the distortion 
vanishes and the center may once again become photorefractively active. 
In summary, we have dem~nstrat~ed a procedure for k i n g  photorefractive grat- 
ings in KTN. It  involves the writing of a photorefractive grating in the cubic phase 
and cooling a sample the through the tetragonal and orthorhombic phases to  the 
rhombohedra1 phase under an applied bias. Diffraction efficiencies of 10% in a 
0.43cm thick sample were reported for a fixed grating. The fixed grating can be 
restored to  the erasable state by reheating the sample to the cubic phase. The 
mechanism responsible for this effect is believed to be due to  the displacement of 
an impurity center on cooling to the rhombohedra1 phase causing it t o  become 
photorefractiveiy inactive. 
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CHAPTER FIVE 
Ph'VESTIGATIOfL' O F  THE PHYSICAL PARAMETERS GOVERNING 
TEE PHOTOREFRACTIVE EFFECT IN KTN:Cu,V 
5.1 Introduction 
A large effort has gone toward the development of photorefractive materials 
and the ~haract~erization of their properties. Properties can be modified during 
the growth stage by the type and amount of dopant added to the After 
growth, properties are modified by changes to the valency of the dopant ions through 
thermal oxidation or reduction  treatment^.^*^ The difficulty in measuring material 
parameters which enter into the Kukhtarev rn0de1~7~ of the photorefractive effect has 
prevented a careful comparison of holographic diffraction measurements with those 
expected from theory. In many samples the photorefractive active species remains 
unidentified. Even samples cut from the same boule can have widely different 
properties. 
In this chapter the photorefractive effect in a KTN:Cu,V sample which under- 
went a series of thermal oxidation and reduction treatments is des~ribed.'?~ The 
photorefractive species is identified and all the relevant physical parameters which 
enter into the Kukhtarev model are determined using electron microprobe, ab- 
sorption, and photoconductivity measurements. Results allow a comparison of the 
dependence of photorefractive diffraction and time response measurements on trap 
concentration with those expected from theory. The thermal oxidation/reduction 
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process is modelled which allows the determination of the temperature and partial 
pressure of oxygen needed to produce a given photorefractive property. Finally, a p  
proaches to  increase the photorefractive sensitivity by controlling the dopant density 
and valence state are discussed. 
5.2 Exper imenta l  resul ts  and discussion 
5.2.1 Sample  prepara t ion  and thermal t r ea tmen t s  
A 15x16~17 mm3 KTN:Cu,V crystal was grown using the top seeded solution 
growth method. The flux contained an excess of K to  which 3 molar 75 of Cu 
and 3 molar % of V were added. V will be shown not to be the photorefractive 
active species. Rowever, it has been found that a few percent of V added to the 
flux possibly acts as a solvent and results in significantly better quality crystalsQ A 
0.52~0.41~0.31 cm3 sample was cut and polished along the principal [001] crystallo- 
graphic axis, Viewed through crossed polarizers the sample appeared homogenous 
and free of striations. Its chemical composition was determined by electron micro- 
probe analysis t o  be KT~.70Nbo.so03:Cu,V. Cu was found to  be present a t  600 
parts per million (ppm) by weight with a 150 pprn detection limit. V was present 
at 40 ppm with a 15 ppm detection limit. The density of Cu is thus 1 . 8 0 ( 1 0 ~ ~ ) / c m ~ ,  
while that of V is 1 .50(10~~) /c rn~ .  
The ferroelectric phase transition temperature of the KTN:Cu,V sample was 
determined from capacitance measurements of the dielectric constant to  occur a t  
T=-30°C. An undoped KTE sample, to be used as a standard for the absorption 
measurements, was found to  have a ferroelectric phase transition at  T=-3Z°C. As 
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t h e  transition temperature depends roughly linearly on Nb concentration,1° the  
chemical composition of these two samples is nearly identical. 
The KTK:Cu,V sample underwent a series of heat treatments in various oxy- 
gen  atmospheres. After each treatment, absorption, photoconductivity, and pho- 
torefractive measurements were made on the sample. For the first treatment the  
sample was sealed in a quastz ampule containing 0.33 atm of nominally pure argon 
gas. The sample was then heated t o  800°C and kept there for 15 hours before 
cooling to room temperature. The other treatments consisted of sealing the sample 
in an ampule which contained -33 atmosphere of pure oxygen. The ampule was 
then heated to  a set temperature and kept there for 15 hours before returning to  
room temperature. The temperatures used were 400°C, 450°C, 500°C, 600°C, and 
700°C. The heating and cooling rates for all the treatments, except the 700°C one, 
were 7S°C/hour. The rates for the 700°C treatment were 180°C/hr. 
5.2.2 Absorpt ion measurements  
Absorption mechanisms which occur in KTN include fundamental transitions 
and transitions involving impurities and dopants. Several of these are illustrated 
in  Fig. 5-1. The fundamental absorption or band edge is due to  electronic transi- 
tions from the valence to  the conduction band. The band gap in KTal-,Nb,Os for 
x=0.35 is 3.6eV and is broadened with an exponential Urbach dependence.'' Ab- 
sorptions involving transition metal dopants are of two types, charge transfer and 
crystal field transitions.12*13 Charge transfer transit ions result in free carriers which 
contribute t o  the photorefractive effect. An electron can be photoexcited from a 
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ABSORPTION MECHANISMS IN PHOTOREFRACTIVE KTN 
(A )  I n t r i n s i c  abso rp t i on  
(8) Charge t r a n s f e r  - e l e c t r o n  p h o t o e x c i t a t i o n  
(C) Charge t r a n s f e r  - ho le  p h o t o e x c i t a t i o n  
( D l  C rys ta l  f i e l d  t r a n s i t i o n s  
Fig. 5-1 Absorption mechanisms which occur in transition metal doped KTN. (A) 
Intrinsic (band) absorption, (B) electron photoexcitation, (C) hole photoexcitation, 
(D) Crystal field transitions. 
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filled donor into the conduction band. Similiarly, an electron can be photoexcited 
from the valence band into an empty donor site creating a free hole carrier in the 
valence band. Crystal field transitions are localized electronic transitions which 
do not contribute t o  the photorefractive effect. They are responsible for the color 
of many minerals and their characteristic absorption can be used to  identify the 
presence, site occupancy, and valence state of transition metal ions. They are due 
to  electronic transitions between d orbitaI energy levels of a transition metal ion. 
The electronic energy levels are split due to  an electrostatic interaction with the 
surrounding oxygen ions or ligands. 
After each of the oxidation and reduction treatments, unpolarized absorption 
spectra were taken using a double beam spectrophotometer. The absorption coef- 
Ecient, a ,  was determined from the relation 
where 1 is the thickness of the sample, T is the measured transmission, and R is the 
reflection coefficient. R was determined using the dispersion relationship for the 
index of refraction of Chen.14 
The difference in the absorption spectra of the KTN:Cu,V sample after each of 
the reduction and oxidation treatments and that of the undoped KTPU' sample are 
shown in Fig. 5-2. Two absorption bands are clearly visible. As the KTN:Cu,V and 
the undoped KTN sarnpfe are nearly of the same composition, features visible in 
the difference spectra should be a result of the dopants and not of the fundamental 
absorption. Cu is present in larger concentrations than V and is a much more 
Wavelength (nm) 
Fig. 5-2 Difference in the absorption spectra between the undoped KTN sample 
and the KTN:Cu,V sample after a series of reduction and oxidation treatments. 
Features should be a result of the dopants. Spectra with highest peak at  410nm 
corresponds to the reduction treatment. Other spectra with decreasing magnitude 
a t  410nm correspond to  oxidation treatments at 400C, 450C, 500C, 600C, and 7OOC. 
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intense absorber. Cu is stable in two valence states, Cul+ and Cu2+. Cul+ has a 
filled 3d electronic shell, hence crystal field transitions do not occur in this valence 
state. An electron charge transfer transition, exciting an electron from Cul+ into 
the conduction band is possible. The band centered at  4l0n.m which decreases in 
magnitude with increasing oxidation treatment is identified as the electron charge 
transfer band given by 
which is responsible for the photorefractive effect in ow sample. The Cul+ ion 
corresponds to  the photorefractive filled donor site and the Cu2+ to  the electron 
trap site. The band centered at  680nrn is characteristic of crystal field transitions 
of Cu2+ in an octahedrally coordinated site.'' Cu2+ can also be involved in a 
transition which creates a free hole in the valence band as  illustrated by (c) in Fig. 
5-1. Tra LiNb03:Cu hole conductivity is observed a t  photon energies above 3.6eV.15 
No evidence for this transition is found. The other dopant, V, is stable over a wide 
range of valence states. No absorption features characteristic to  V are found.16 As 
it is isoefectronic with Ta and Nb we expect it to  enter the lattice as v5+. 
According to  Beers law the absorbance is proportional to the concentration of 
absorbing ions. The intensities of the two bands can thus be used to  determine 
the relative concentration of the Cul+ and Cu2+ ions after each reduction and 
oxidation treatment.15+17 The absolute concentration of each mlence ion can be 
determined since the total concentration of Cu ions is known from the microprobe 
analysis. Using the ratio of the peak magnitudes of the bands in Fig. 5-2, the 
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oxidation treatments converted lo%, 18%, 21%, 27%, and 36% of the Cu into the 
cu2+ valence state. In Fig. 5-2 it is seen that after the reduction treatment the 
680nm band has disappeared. This implies almost complete conversion of the Cu 
to the Cul+ valence state. An upper limit of roughly 1%, determined by the the 
minimum band at 680nm that couId be discerned, is determined for the Cu2+/Cu 
ratio after this treatment. 
An important parameter of photorefactive materials is the photoexcitation 
cross section, s e ( X ) .  Along with the electronic recombination coefficient, it is the 
only parameter that enters into the Kukhtarev band transport model that is char- 
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acteristic of the dopant. All other parameters are that of the host crystaI or are 
related to the concentration of the dopants. Its spectral dependence determines the 
suitability of a dopant as a photorefractive donor in the red and infra-red regions. 
For the excitation from the Cul+ ion it is given by 
where is the absorption coefficient of the transition which results in an electron 
excited into the conduction band and [Cul+] is the concentration of the absorbing 
ions. s e ( X )  can be determined from the difference absorption spectra after the 
reduction treatment. For this spectrum most all of the Cu is in the Cul+ state 
whose only allowed absorption is one which results in a free electron. Figure 5- 
3 shows the spectral dependence of s,(X). It is observed to  peak at a value of 
9.08(10'~~) cm2 at 410nm(3.0eV) with a full width at half maximum (FjVHM) of 
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Wavelength (nm) 
Fig. 5-3 Spectral dependence of the electron photoexcitation cross section 
which results in an electron photoexcited from the Cul+ ion into the conduction 
band. Peak a t  3.0 ev corresponds to  optical excitation energy of this level. 
not show high phot.orefractive response in this spectral region. 
The excitation cross section for crystal field transitions a t  680nm is found to  
be s , j=  1.5(10"~) cm2, This non photorefractive absorption is proportional to  the 
concentration of Cu2+ ions. Both s, and s,f can be used as a standard to  determine 
the concentration of Cu in each valence state for other Cu doped KTN samples. 
5.2.3 Photoconductivity measurements 
Photoconductivity measurements were made after each of the thermal oxida- 
tion and reduction treatments to  provide information on the transport parameters 
involved in the photorefractive effect. Under illumination the photocurrent, J, is 
given by 
J = ep(nd  + ' ~ ~ a ~ I / h u ) E  (5.4) 
where e is the electronic charge, p is the mobility, nd is the free electron density in 
the d u k ,  7~ is the electron recombination time, ad is the coefficient for absorption 
which results in a free carrier, I is the intensity, hv is the energy of an incident 
photon, and E is the applied electric field. There is no photovoltaic effect in the 
paraelectric region. 
After each of the reduction and oxidation treatments, the photocurrent was 
measured as a function of incident intensity and applied voltage . 514nm iilu- 
mination was used at  intensities of 42mW/cm2 to  525mW/cm2 in 105mtt'/cm~ 
increments. Voltages from 200V to  lOOOV in 200V increments were applied along 
the 0.52 cm sides of the sample. 
The sample was found to be highly insulating in the dark which precluded 
measurements of the dark conductivity. The photocurrent was found to  be linear 
in intensity and applied voltage. The mobility lifetime product, ,UTE, was deter- 
- mined from the photocurrent using the relation cud = s,f514nm)[Cu1+] , where 
se(514nm) was determined from Figure 5-3. The drift length of a free carrier be- 
fore it is retrapped is given by ld=prRE. Figure 5-4 shows the dependence of ,UTE, 
and hence the transport distance, on Cu2+ concentration. It is seen to  vary inversly 
with, [Cu2+], the concentration of electron traps. Fewer electron traps leads to a 
corresponding increase in the lifetime and transport distance of a free carrier. The 
inverse dependence on [Cu2+] allows a determination of [Cu2+)/ICu]=.0027 for the 
reduction treatment which we were unable to  determine from the absorption mea- 
surements. The free electron lifetime, r ~ ,  is related to the electron recombination 
coefficient, q ~ ,  and the trap concentration by 
from which we determine p/7R=6.20(108) 1/V-cm. From the experimentally deter- 
mined inverse dependence of  fir^ on [Cu2+] and rrsing relation (5 .5) ,  the mobility 
was relatively constant over the wide range of oxidation treatments. So any changes 
in the photorefractive properties by these treatments is due to  changes in the t-alence 
states of the Cu ions and not to changes in the mobility. 
5.2.4 Photorefractive measurements 
Photorefractive diffraction effciency and erase time measurements were made 
after each of the heat treatments. The sample was placed in a vacuum chamber 
Fig. 5-4 Values of the mobility electron lifetime product, ~ T R ,  versus trap con- 
centration ratio. Trap concentration was varied through a series of reduction and 
oxidation treatments. 
on a thermoelectrically cooled mount. Measurements were made in the paraelectric 
region at T= -27OC. The dielectric constant was found from capacitance measure- 
ments to be € = 1 2 0 0 0 ~ ~ .  An 800V field was applied along the 0.52cm sides. Two 
514nm beams intersecting a t  a 12' angle were used to write a holographic diffrac- 
tion grating with a 2.3 micron period. Each beam had an intensity of 42mw/cm2 
and was expanded to  uniformly illuminate the sample. The light polarization was 
in the plane of incidence. Beam fanriing was in a direction consistent with electron 
conductivity. A photorefractive diffraction grating was written by exposing the 0.31 
cm thick sample to  the two beams for up to several minutes. One of the beams 
was then blocked. The diffracted intensity from the grating was then measured as 
a function of time. 
The absorption and photoconductivity measurements indicate that electrons 
are photoexcited from the Cul+ level into the conduction band and are retrapped 
a t  the Cu2+ level. There is no evidence of hole conductivity or the existence of 
another species. Consequently the Kukhtarev band transport model with a single 
carrier and single species will be used to  model the results. For small intensity in- 
dex modulation, m, and neglecting the dark conductivity the photorefractive space 
charge field, E,,, is given in Eq.(2.11) The photorefractive response time, T,, under 
an applied field and neglecting the dark conductivity is given in eq. (2.13) Tn these 
expressions ,ND, the density of donors corresponds to the total Cu concentration. 
and IT; corresponds to the density of ionized donors, Cu2+. The electron micro- 
probe, absorption, and photoconductivity measurements, have determined values 
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for all of the parameters involved in expressions (2.11) and (2.13). These include the 
density of filled and ionized donors after each of the heat treatments, the electron 
photoexcitation cross section, and the ratio of the electron mobility to  recombina- 
tion rate. This allows us to  compare our experimental results with those expected 
from the Kukhtarev model. 
In the centrosymmetric paraelectric phase of KTN an external electric field, 
E,, is needed to  produce an index grating which diffracts the incident beams. The 
index grating, S (An), is given byls3l9 
where n, is the index of refraction and g the quadratic electro-optic coefficient. For 
the geometry used in KTN, g=gll=1.36(107)cm4/~2 and n0=2.34 a t  514nrn.~' For 
small coupling the scattering from the grating can be approximated by Kogelnik's 
expression for the diffraction eEciency from a thick plane holographic grating given 
by2 
where cr is the total absorption, 1 is the thickness of the sample, X is the wavelength 
of the illuminating radiation , and 6' is the angle between the writing beams. 
The experimental results for the diffraction efficiency versus trap density, are 
given in Figure 5-5. The diffraction eEciency is defined as the ratio of the inci- 
dent t o  diffracted int.ensity. For the reduction treatment, [CuZf ]/[Cu]=.0027, the 
diffraction efficiency is 0.81%. All of the other oxidation treatments resulted in a 
fairly constant diffraction efficiency of about 13%. 
Fig. 5-5, Fig. 5-6 Experimentally measured diffraction efficiencies arrd refrac- 
tive index change versus trap concentration ratio and the refractive index change 
expected from the Kukhtarev model in paraelectric KTN:Cu,V. 
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The photorefractive index change for each of the measurements was determined 
using relation (5.6). Fig. 5-6 shows the experimentally determined dependence of 
the index change on trap density versus that expected from theory. The measured 
values are over an order of magnitude smaller than theory although both show the 
same qualitative dependence. Both model and experiment show an index change 
nearly independent of the trap density in the space charge limiting region, E, >> 
E,, ED. This occurs roughly for [Cu2+]/[Cu]> 0.10. 
The lower measured index changes may be a result of several factors. A dis- 
crepancy may occur due to  the use of large intensity modulation, m. For large 
values of m, nonlinear terms in the expression for the space charge field lead to  a 
smaller index changes. I t  was also assumed that the voltage was uniform across the 
sample. The sample was illuminated uniformly to  insure this, but regions of large 
voltage drops may occur at  or near the electrodes. Photorefractive beam fanning 
would also lead to  a reduction in the measured diffraction effciencies. The results 
are also consistent with those of a much more lightly doped crystal. This suggests 
that not all of the Cu ions may participate in the photorefractive effect, It was 
assumed that all of the Cu ions enter into the crystal Iattice with similiar electronic 
properties. But impurities often occur in clusters and form complex defect states 
which differ from the single electronic band level assumed by the Kukhtarev model. 
This is especially expected to  occur in heavily doped samples such as  this one. 
The dependence of the experimentally measured erase times on trap density 
and that expected from the band transport model Fig. (5-7). The erase time, T ~ ,  was 
Fig. 5-7 Experimentally measured erase times sf a photorefractive grating during 
readout and that expected from the Kukhtarev model versus trap concentration 
ratio. Erase rates are for a 42mW/cm2 514nm readout beam. 
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found by fitting an exponential decay to  &(An). The decay of &(An) during readout 
was determined from the diffracted intensity by using (5.1). The oxidation and 
reduction treatments modified the response times over two orders of magnitude. T h e  
erase times under 42mW/cm2 illumination varied from 0.60 seconds to 138 seconds. 
Reasonable agreement is found with equation (2.13), although the measured t h e s  
a r e  slightly lower. 
5.2.5 Reduction and oxidation of Cu 
The reduction and oxidation treatments significantly dtered the Cu valence 
state concentrations and photorefractive properties of the sample. The thermal 
treatments reduce or oxidize the valence state of the Cu through the creation or 
elimination of oxygen v a ~ a n c i e s . ~ ~ ~ ~ ~ ~  When heated in an oxygen deficient atmo- 
sphere, oxygen vacancies are induced in the sample. The two electrons paired with 
the  oxygen site can remain free or be trapped either a t  the vacancy site or by a 
rnultivalent metal ion. The oxidation process is given by 
CU'+ + 1/2v0 + 1/402 - - > cu2+ (5.8) 
where Vo represents an oxygen vacancy and O2 an oxygen gas molecule.In the KTP; 
crystal the K ions are assigned a +1 valence charge, the Ta/Nb ions a +5 valence 
charge, and the 0 ions a -2 valence charge. Electron paramagnetic resonance (epr) 
r n e a s u ~ e n e n t s ~ ~  indicate that Cu substitutionally occupies the Ta fNb  site. Oxygen 
vacancies are relatively shallow and will be assumed to be unfilled or ionized at room 
temperature. Charge neutrality relative to  the neutral lattice is thus given by 
4 [cu'+] + 3 [cu2+] + n = 2[Vo] + p (5.9) 
where n is the free electron concentration and p is the free hole concentration. A 
mass action equation24 can be used to determine the concentration of the the solid 
and gas components of the chemical reaction (5.8) in equiIibrium, 
where A H  is the change in enthalpy of the reaction, K is a constant, and Po, 
is the partial pressure of oxygen a t  the processing temperature. The values of 
[Cul+j, [Cu2+], and Po, are known for each of the heat treatments. By neglecting 
the free electron and hole concentrations, (5.9) can be used to  determine [Vo] 
after each thermal treatment. Figure 5-8 plots the value of the left. side of the 
mass action equation (5.12) versus inverse processing temperature. A value of 
K=2.83(1018) a t r n ' / * ~ r n - ~ / ~  and AH = 0.295eV is determined from Figure 5-8. 
These values determine the required temperature and partial pressure of oxygen 
needed to  produce a given Cu valence state concentrations. Figure 5-9 shows the 
Cu2+ fraction versus partial pressure of oxygen a t  a processing temperature of 7OOC 
for various doping levels. As expecxted a lower oxygen partial pressure reduces the 
crystal( increased Cul+ concentration). For a given oxygen partial pressure, lower 
doping levels are seen to  result in a higher fraction of filled donors, Cul+. 
The change in enthalpy of the reaction, A H, is given by half the energy t o  fill 
the vacancy site with an oxygen ion and two free electrons minus the energy needed 
to  thermally ionize an electron from Cul+ t o  the conduction band. For an ionic 
solid, no energy is required to  place a neutral oxygen ion in the vacancy site. The 
valence band in KTN is composed of oxygen 2p orbitals, thus the energy needed 
Fig. 5-8 Plot of the left hand side of the mass action equation (12) for the oxida- 
tion/reduction process versus inverse temperature. The dotted line corresponds to 
K=2.83 (1018) a t ~ n ' / * c r n - ~ / ~  and AH= -0.295eV. 
P (torr) 
0 2  
Fig. 5-9 Fraction of the Cu converted to the Cu2+ valence state versus partial 
pressure of oxygen at  a processing temperature of 700°C. Three doping levels are 
shown, [~u ]=1 .8 (10 '~ )cm-~ ,  10 '~crn-~ ,  and 1 0 ' ~ c m - ~ .  
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t o  place two free electrons from the conduction band into the neutral oxygen site 
is twice the band gap energy. The band gap energy was found from the absorption 
. measurements to be EQ,,=3.25eV. The thermal energy needed to  ionize the Cul+ 
donor level is thus determined to  be Ec,+l=2.95eV below the conduction band. 
Kate that this is slightly less than the peak in the optical excitation energy of 3.00 
eV (Fig. 5-2). As pointed out by ~ o t t ~ ~  the thermal energy is always the smaller 
of the two due to  ionic lattice movements after absorption. 
5.3 Optimizing the ph~t~orefractive effect 
. . 
The reduction and oxidation treatments described in this chapter significantly 
altered the magnitude of the photorefractive index change and the response time of 
the sample. A parameter which compares the photorefractive properties of samples 
is the photorefractive sensitivity, S,6 defined as the index change per absorbed 
energy per unit volume. With an exponential decay of the index grating with time 
constant of T,, it is given in paraelectric KTN:Cu,V by 
Kote that E,, depends on E,, r, and on the concentration of Cul+ and cu2+. Figure 
5-10 plots the experimentally determined sensitivity of the sample after each of the 
heat treatments versus the [Cu2+]/[Cu] trap concentration ratio. The index change, 
Arz, was determined from the diffraction efficiency measurements using eqn. (5.7). 
Also plotted is the sensitivity expected from theory for three different doping levels 
under sirniliar experimental conditions. The experimental points correspond to the 
Fig. 5-10 Experimentally measured photorefractive sensitivity versus trap concen- 
tration ratioof the KTN:Cu,V sample. Also plotted is the sensitivity expected from 
theory for three different doping levels. 
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ICu]=1.8(10~~)cm-~ curve. Measured values are roughly an order of magnitude 
lower than those expected from theory. 
A significant improvement in S is found for reduced samples, i.e. those with 
a lour trap concentration. Figure 5-9 indicates that for a given processing temper- 
ature and oxygen partial pressure, lower doped samples are more highly reduced. 
This may explain the high sensitivities reported in nominally undoped samples as 
compared to  h e a d y  doped ones. 
Approximating re by the dielectric relaxation time simplifies (5.11) to  
where use has been made of 6 >> E, .  S is proportional to  the mobility, p. The 
mobility is a property of the host material (KTN) , and in our sample was found to  
be unaffected by the heat treatments. 
The sensitivity of a sample can be increased by the use of thermal treatments, 
the application of an external field, or by the control of the temperature. Two 
limiting cases are considered. In the space charge limiting case, E,, -- Eq = 
2+ CU~+] /EK[CU] ,  S is linearly dependent on the applied field and on the eICu I I  
ratio [Cul+]/[Cu]. This ratio can be increased by thermal reduction treatments. 
S is independent of the strongly temperature dependent dielectric constant. So no 
improvement is expected in cooling the sample closer to  the phase transition. fn  
the second case where E, >> (E,, ED), the field varies as E., .-. (E: + %)'I2. S is 
now inversely proportional to the trap concentration,Cu2+, which can be reduced 
through thermal treatments. In this limiting case, S, is more strongly dependent 
on applied field. Also S is proportional to  E and can be increased by cooling to  
a temperature near the ferroelectric phase transition. Generally the sensitivity is 
improved when the photoexcited carrier is transported large distances before it 
is trapped. So large applied fields and low trap concentrations achieved through 
reduction heat treat,ments are needed. 
5.4 Summary 
In summary, we have presented an investigation of the material parameters 
which are involved in the photorefractive effect in KTN:Cu,V. FolIowing a se- 
ries of oxidation and reduction treatments, all of the relevant material parameters 
which enter into the Kukhtarev model of the photorefractive eKect are determined 
from electron microprobe analysis, absorption measurements, and photoconductiv- 
ity measurements. These include the determination of the filled and ionized electron 
donor concentrations, the electron photoexcitation cross section and the ratio of the 
electron mobiIity to  recombination rate. This allows us to  compare photorefractive 
measurements with those expected from theory. Good agreement is found for the 
photorefractive erase time measurements but the magnitude of the index change 
is smaller than expected. We model the oxi dation/reduction process which allows 
us to determine the temperature and partial pressure of oxygen needed to result 
in a given filled and ionized donor concentration. The energy level of the Cu14 is 
found to  agree closely with the optical excitation energy. Approaches to  increase 
the ph~t~orefractive s nsitivity are discussed. 
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CHAPTER SIX 
Ihi'ESTIGATION OF  T E E  PHOTOREFRACTNE PROPERTIES OF 
Fe AND Ti DOPED KTN 
6.1 In t roduc t ion  
A number of approaches have been used to  modify the photorefractive proper- 
ties of a material. Dopants introduced into the flux during the growth stage deter- 
mines the concentration and identity of the photorefractive center which enters into 
the ~ r ~ s t a l . ' ~ ~  After growth, thermal treatments are used to  reduce or oxidize the 
valence state of the photorefractive species? In this chapter the use of a particular 
double dopant combination, Fe and Ti, is shown to lead to  improved photorefractive 
response as compared to  single doped samples. Samples were prepared from three 
KTN crystals, one doped with Fe, one doped with Ti , and another doped with 
both Fe and Ti. Absorption and photoconductivity measurements indicate that the 
combination of Fe and Ti leads to an increased Fe2+ concentration as well as an in- 
creased total Fe concentration which enters into the crystal. The dependence of the 
photorefractive properties of each sample on temperature, electric field, and grating 
period are characterized. Results are interpreted using the Xukhtarev model of the 
photorefractive effect. Approaches to  optimize these properties are discussed. 
6.2 Experimental  results  and discussion 
6.2.1 Sample preparation and composition 
Three KTN crystals with different dopant combinations were grown using the 
top seeded solution growth method. The first crystal was doped with 0.5 molar% of 
Fe in the flux, the second with 0.5 molar% of Ti, and the third with 0.25 molar% of 
Fe and 0.25 molar% of Ti. Samples were cut from each crystal and polished along 
the [Wl] crystallographic axes. Metal electrodes of Cr and Au were evaporated on 
each sample. The KTh':Fe sample measured 5x5.7x3.7mms, the KThi:Ti sample 
measured 6.4x6.7x2.9 m3, and the KThi:Fe,Ti sample measured 3.8x3.8x5.5mm3. 
The chemical composition of each sample was determined using electron microprobe 
analysis. Results are summarized in Table 6-1. The Fe and Ti  concentrations were 
below the detection limit of roughly 100 parts per million (ppm) by weight. The 
temperature dependence of the low frequency (10hz) dielectric constant of each 
sample was determined from capacitance measurements and is shown in Fig. 6- 
1. The slight variation in the Ta/Nb concentration ratio of the samples results 
in strong variations in the temperature and compositional dependent ferroelectric 
properties. 
6.2.2 Absorption measurements 
Absorption features which invoIve the transition met a1 dopants are of two types, 
charge transfer and crystal field  transition^.^ The first results in the generation of 
a free charge carrier which can participate in the photorefractive effect, and the 
second results in localized electronic trznsitions which produce absorption features 
characteristic of the valence state of the ion. Fe enters into the crystal primarily in 
the 2+ and 3+ valence states. An electron can be photoexcited from a Fez+ ion 
-35 -25 -15 -5 5 15 25 
temperature (C) 
Fig. 6-1 T h e  temperature dependence of the  low frequency dielectric constant of 
t he  KTN:Fe, KTN:Ti, and KTN:Fe,Ti sample. 
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into the conduction band by the charge transfer transition 
where hv is the energy of the incident photon. Similiarly a free hole, p, can be 
generated in the valence band by the transition 
Both valence states of the ion also undergo crystal field transitions which do not 
produce a free carrier which can participate in the photorefractive effect. Crystal 
field transitions of the Fe2+ ion generally result in a broad absorption band centered 
a t  1000nm. Crystal field transitions of the FeS+ ion are electronicaly spin forbidden 
and thus show weak absorbance. 
Ti  is stable in the 3+ and 4+ valence states and is a much weaker absorber than 
Fe. Similiar t o  those transitions described in eqns. (6.1) and (6.2) free electrons can 
be generated by photoexcitation from the Ti3+ ion and free holes by photoexcitation 
from the Ti4+ ion. The Ti4+ ion has no electrons in its outer d orbital and hence 
does not undergo crystal field transitions. The single outer d she11 electron of the 
Ti3+ ion can undergo crystal field transitions. Use is made of this transition to  
produce a laser medium in saphire. 
The absorption spectrum of each sample was measured using a double beam 
spectrophotometer. The absorption coefficient, a, was determined from the mea- 
sured transmission using expression (5.1). The absorption spectra are displayed in 
Fig. 6 2 .  The KTR':Ti sample has low absorption which indicates that the the 
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absorption due to  the T i  in the KTN:Fe,Ti sampIe can be negIected relative to  the 
absorption due to  the Fe. 
The difference in the absorption between the KTN:Fe,Ti and the KTN:Fe sam- 
ple is shown in Fig. 6 3 .  Features in the difference spectra should be a result of the 
dopant ions and have a magnitude proportional to  the difference in concentration 
of the absorbing ions of the sampIes. Two features are visible in the difference 
spectra. The band centered a t  460nm(2.70 eV) is identified as that  of eq. (6.1) 
which produces a free electron by photoexcitation from a Fe2+ ion. I t  is the band 
responsible for the photorefractive effect in the Fe doped samples observed under 
514rm illumination. The width of the transition is 0.66eV. Note that the Fe charge 
transfer transition is broader and peaked at  lower energy than that determined for 
Cu (peak=3.0eV, widthz0.38 eV ) in Chapter 5. For similiar concentrations in a 
crystal, Fe is thus expected to  have improved photorefractive response than that of 
Cu in the red spectral region. No peak is obseved in the weak KTN:Ti absorption 
spectra in Fig. 6-1. Ti is thus expected to have the weakest spectral response a t  
longer wavelengths. The other feature visible in the difference spectra is the edge 
of an absorption band visible a t  400nm. This is identified as that given by eq. (6.2) 
which generates a free hole by photoexcitation from the FeS+ ion. Hole conduciv- 
ity in LiNb03:Fe has also been observed to  occur a t  higher energies than that  for 
electron conductivity? 
The magnitude of both bands is proportional to the difference in the concentra- 
tion of the absorbing ions in each sample. The band at  460nm is thus propotional t o  
wavelength (nm)  
Fig. 6-3 Difference in the absorption spectra between the KTN:Fe,Ti and the 
KTN:Fe samples. Features should be a result of the dopant ions with a magnitude 
proportional to the difference in the absorbing ions in each crystal. 
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the concentration difference ([Fe2+]KTN,~,,T; - [Fe2+]XT~:pe). While the edge of 
the absorption band visible at  400nm is proportional to  the concentration difference 
( [ F e 3 - t ] ~ ~ N : ~ e , T i  - [Fe3+]KT~:Fe). The magnitude of the bands in the difference 
spectra when compared to  the absorption spectra in Fig. 61 determines the rel- 
ative concentration of Fe2+ and the relative concentration of Fe3+ in each crystal 
(Tabfe 6-1). The KTN:Fe,Ti sample is det.emined to have a factor of 2.9 increased 
Fe2+ (filled donor) concentration than the KTN:Fe sample. Similiarly the KTN:Fe 
sample is determined to  have a factor of 1.3 increased Fe3+ (electron trap) concen- 
tration than the KTN:Fe,Ti sample. The addition of Ti  is thus seen t o  increase 
the total Fe concentration which enters into the crystal and to bias the Fe to  enter 
in the Fe2+ valence state. The effect is even more pronounced when one considers 
that the flux used to  grow the KTN:Fe,Ti crystal had half as much Fe as the flux 
used to grow the KTN:Fe crystal. The effect of increased Fez+ concentration can 
also be achieved through thermal reduction treatments. But these can not always 
be used if a material undergos a phase transition above room temperature. 
Similiar effects were observed in waveguides formed in LiNb03 through Ti 
. indiffusion." Fe impurities were present which produced an unwanted photorefrac- 
tive effect for waveguide applications. Measurements of the photorefractive response 
time, indicate that the indiffusion of Ti results converted some of the Fe into the 
Fez+ valence state. Not all of the increased Fe may participate equally in the pho- 
torefractive effect. Fe dopants usually substitutionally occupy the Ta,R% site but 
epr measurements of Kannon indicate that the addition of Ti to  Fe doped KTa03 
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forces some of the Fe to enter in the K ~ i t e . ~ ? ~  The increased Fe concentration 
in KTP; in the prescence of Ti  is a result of a charge compensation of the lattice 
whereby a Fe2+ ion occupies a K1+ site and a Ti4+ ion occupies a (Ta,hTb)5+ site. 
6.2.3 Photoconduct ivi ty  measurements  
The photocurrent,JPh, of each sample was measured under 85mW/cm2 illumi- 
nation from a 514nm Ar laser. Neglecting the dark conductivity the photocurrent 
is given by 
J = L ~ , ? R  ad ( I / ~ v )  E (6-3) 
where e is the electronic charge, p, is the electron mobility, r~ is the free electron 
lifetime (recombination time), a& is the coefficient for absorption which results 
in a free carrier, I is the intensity, hv is the energy of an incident photon, and 
E is the applied electric field. There is no photovoltaic effect in the paraelectric 
region. Results for Jph are given in Table 61 normalized to  I=85mU'/cm2 and 
E=1000V/cm. The KTN:Fe,Ti has over a factor of 30 increased photocurrent as 
compared to  the KTN:Fe and KTN:Ti samples. 
The mobility lifetime product, g r ~ ,  for each sample was determined from the 
photocurrent using Eq. 6.3 and are listed in Table 61. The average distance a free 
electron drifts before it is retrapped is given by Id = grILE. The mobility lifetime 
product and hence the average drift length do not vary much between samples. The 
mobility is a property of KTK and in lightly doped samples should not depend on 
the doping. The recombination time, TR, varies roughly inversely with the electron 
trap concentration. The results are consistent with the absorption measurements 
which indicate that the two Fe doped samples have roughly the same Fe3+ (electron 
trap) concentration. So the increased photocurrent in the double doped KTN:Fe,Ti 
sample is the result of increased generation of free carriers due to  an increased 
absorption. 
Table 6-1: Chemical composition, photocurrent, and mobility lifetime product 
Sample 
KTao.70Nb0.3003 :Fe,Ti 
KT%.ssNb0.32 0 3  :Fe 
K T Q . ~ ~ N ~ ~ . ~ ~ O ~ : T ~  
of three KTP? crystals determined from electron microprobe, absorption, arid pho- - 




tion with a 1000V/cm applied field. 
6.2.4 Photorefractive diffraction measurements 
[Fe3+] (AU)z I J , ~  (amp/cm2) ~ T R ( C ~ ~ / ~ ~ ) I  
Holographic diffraction measurements were made on each sample using the 
geometry shown in Fig. (4-2). The samples were placed on a thermoelectrically 
cooled mount. All measurements were made in the paraelectric cubic phase which 
required the application of an external field. Photorefractive diffraction gratings 
were written using two expanded beams from a 514nm Ar laser. The beams had 
intensities of 20 mw/cm2 and l10mw/cm2 and were ordinary polarized in order 
to limit photorefractive wave coupling. The ratio of the beam intensities satisfies 
the small intensity modulation approximation used iri the band transport model 
but also results in smaller refractive index changes. The diffracted intensity of an 
extraordinarily polarized weak probe beam from a HeNe laser aligned at  the Bragg 
1 
1.3 - 
2 . 0 ~ 1 0 ' ~  4.99~10"~ 
3.26xl0-~ 2.72x10-'~ 
2.70xl0-~ 1 1.72~10''~ I 
angle was used to  monitor the strength of the grating. 
The diffraction efficiency is defined as the ratio of the incident t o  the diffracted 
intensity of the BeNe probe beam. Its value was determined from the maximum 
diffracted intensity during the writing stage. For weak coupling the diffraction 
efficiency, q, is given by that from a thick plane holographic gratingQ 
where cr is the total absorption, 1 is the thickness of the sample, X is the wavelength 
of the illuminating radiation , and 6' is the angle between the writing beams. The 
refractive index change, &(An), is given in the paraeIectric phase by1' 
where no is the index of refraction, g is the quadratic electro-optic coefficient, E,, 
is the photorefractive space charge field, and Eo is the applied field. The erase time 
was determined by monitoring the decay of the index grating under 1l0mW/cm2 
illumination after one of the writing beams was blocked. 
For the writing wavelength of 514nm, the absorption measurements indicate 
that hole conductivity can be neglected in each sample. Also, in the KTN:Fe,Ti 
sample the photorefractive effect is expected to  be dominated by the strongly ab- 
sorbing Fe. As such the single species, single carrier band transport model of the 
photorefractive effect will be used to  describe the r e s ~ l t s . l l 5 ~ ~  Ln the Fe and (Fe,Ti) 
doped samples No corresponds to  the total Fe concentration and I?$ t o  fFeS+]. 
Sirniliarly,in the KTN:Ti sample ND corresponds to  [Ti] and EL'if to Ti4+. 
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The dependence of the holographic diffraction efficiency and erase time on 
temperature, grating period, and electric field for each sample was determined. 
Xleasurements were made at  several temperatures above the ferroelectric phase 
transition of each sample. Electric fields of 455V/cm, 91OV/cm, 1365V/cm, and 
1820V/cm were used to write and readout gratings. The angle between the writing 
beams was adjusted to form gratings with periods of 6.1pm ,5.1pm ,2.9pm , 1.6pm 
, and l.lpm. 
The dependence of the holographic refractive index change and erase time on 
grating period was determined. Fig. 6-4 shows the dependence of the refractive 
index change on grating period for the KTPt':Fe,Ti sample for two applied fields. 
Fig. 6-5 shows the same dependence for the KTN:Fe sample and Fig.6-6 for the 
KTN:Ti sample. Both the KTN:Fe,Ti and the KTN:Fe sample exhibit peaks near 
A = 5 p m .  With no applied field the photorefractive space charge field peaks at  a 
grating period equal to the Debye length, Ad given by 
KTN exhibits large Debye lengths due to large values for the dielectric constant 
near the phase transition temperature, In materials with much smaller dielectric 
constants the Debye length is difficult to determine from photorefractive measure- 
ments due to  the difficulty in making measurements a t  small grating periods. For 
small grating periods the photorefractive space charge field, E,,, approaches the 
limiting space charge field, E,, given by 
2 3 4 5 
grating period ( ~ m )  
Fig. 6-4 Dependence of the photorefractive index change on grating period for the 
KTN:Fe,Ti sample. 
2 3 4 5 
grating period (prn) 
Fig. 6-5 Dependence of the photorefractive index change on grating period for the 
KTN:Fe sample. 
grating period ( p m )  
Fig. 6-6 Dependence of the photorefractive index change on grating period for the 
KTN:Ti sample. 
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which is linearly proportiona1 to the grating period. From a linear fit of the refractive 
index change to  grating period at small grating periods, values for N;f (1 -N;f /No) 
are determined to be 1 . 5 ~ 1 0 ~ ~  cmS3 for KTN:Fe,Ti, 1.3x1015 ~ r n - ~  for KTN:Fe, 
1 . 3 ~ 1 0 ~ ~  ~ r n - ~  for KTN:Ti. The effect of double doping with (Fe,Ti) is to  increase 
the effective dopant concentration, Nif(1- N$/ND), by an order of magnitude as 
compared to  single doped samples. For equal values of the dielectric constant the 
maximum space Charge field, E,, is also increased by an order of magnitude. 
The dependence of the erase time for each crystal on grating period is given 
in Fig. 6 7 .  In the KTK:Ti sample the erase time varies between l4Osec for A = 6 
microns to 20sec for A= 1 micron. For large grating periods the photorefractive erase 
time approaches the response of a uniform charge distribution given by the dielectric 
relaxation time. For small grating periods compared to the Debye length, the erase 
time approaches the inverse of the sum of the photoproduction and recombination 
rates, TI,, given in eq.(2.19). En materials with large photoconductivities, such as 
BSO and GaAs, the dielectric relaxation time is the smalIer of the two and the 
response time decreases with increasing grating period. In KTN the reverse is true 
and the response time increses with grating period. I t  can be understood as the 
need for the charge carrier to  undergo an increasing number of photoexcitation and 
retrapping steps before it can undergo transport by a distance equal to a grating 
period. 
The photorefractive index change of holographic gratings written at different 
temperatures in each sample under a 1820V/cm applied field with a 5.lpm grating 
Fig. 6-7 The dependence of the erase time of each of the three samples on grating 
period under an applied field of 1820 V/cm. 
Fig. 6-8 Temperature dependence of the refractive index gratings written in each 
sample a 1820 V/cm applied field and with a 5.1pm grating period. 
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period is given in Fig 6-8. The magnitude of the index change is observed to  increase 
with the dielectric constant as the temperature approaches the ferroelectric phase 
transition. The largest index change occurs in the KTN:Fe,Ti sample. In the 
expression for the space charge field(2.11) both ED and E, and thus E,, decrease 
as the phase transition temperature is approached from above. The increase in 
the index change is thus a result of the increase in the quadratic electrooptic effect 
with increasing dielectric constaat in eq.(5.6) and not due to an increase in the 
photorefractive space charge field. 
The dependence of the erase time of the gratings on temperature under llOmW/ 
cm2 illumination is give:: ir, Fig. &9. In (2 .13)~  the expression for the response time 
can be approximated by the product of the dielectric relaxation time and weakly 
temperature dependent term. The erase time is thus essentially proportional to  
the dielectric constant. The increased refractive index changes as the phase tran- 
sition temperature is approached is seen to  occur only a t  the expense of dower 
response. The photorefractive sensitivity for each grating is plotted in Fig. 6-10. 
The KTIV:Fe,Ti has the highest sensitivities by about a factor of three. Unlike 
the other two samples its sensitivity decreases on approaching the phase transition 
temperature. The increased index change does not make up for the slower response 
in the expression for the photorefractive sensitivity of eq.(2.44). 
The dependence of the refractive index change on the externally applied electric 
field for the KTN:Fe,Ti sample is given in Fig. 6-11. Note that the same value for 









Fig. 6-9 Temperature dependence of the erase time of refractive index gratings in 
each sample under 110mW /cm2 5 14nm illumination. 
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Fig. 6-10 The photorefractive sensitivity of each sample under an applied field of 
1820 V/cm and with a 5.1pm grating period. 
electric field (V/cm) 
Fig. 6-11 Dependence of the refractive index change on electric field for the 
KTN:Fe,Ti sample. 
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given in eq.(4.4) is the product of the applied field, E,, and E,,, which increases 
with E,. The index change is thus superlinearly dependent on the applied field. For 
large applied fields, however, the polarization as we11 as the index change saturates. 
The dependence of the response time for the gratings written in the KTN:Fe,Ti 
sample on applied field is given in Fig. 612. Increasing applied fields aid in the 
seperation of the photoexcited charge and results in slightly faster erase times. 
The photorefractive properties of an Fe doped, a Ti doped, and a Fe and Ti 
double doped KTN samples are investigated. Absorption measurements indicate 
that the double dopant combination of Fe and Ti leads to  an increased total Fe2+ 
concentration and total Fe concenetration which enters into the crystal as compared 
to  single doped samples. Photocurrent measurements are used to determine the mo- 
bility lifetime product of the photoexcited carriers in each sample. The dependence 
of the photorefractive properties of the three samples on electric field, temperature, 
and grating period are characterized and interpreted using the Kukhtarev band 
transport model. The use of the double dopant combination of Fe and Ti leads to 
significantly improved photorefractive properties as compared to single doped sam- 
ples. The double doping combination is determined to lead to an order of magnitude 
increase in the effective dopant density and a simiIiar increase in the photorefractive 
limiting space charge field, E,. 















Fig. 6-10 Dependence of the erase time on electric field for the KTN:Fe,Ti sample. 
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CHAPTER SEVEN 
SUMMARY AND FUTURE DIRECTIONS 
7.1 Summary 
The photorefractive effect was first observed in the late 1960s. Subsequent work 
led to  an understanding of the mechanisms which lead to the light induced changes 
in the refractive index. A number of applications and devices have been demon- 
strated which make use of the photorefractive effect. These include holographic 
data storage, optical phase conjugation, optical processing, and coherent beam am- 
plifiers. As of yet none of these has progressed past the laboratory demonstration 
stage primarily due to material limitations. Depending on the application, desired 
properties include large changes in the refractive index, fast response, especially in 
the infrared spectral regions, and the ability to fix gratings with high diffraction 
efficiencies. 
The work described in this thesis was aimed at  developing approaches to over- 
come the material limitations. Due to the limited availability of photorefractive 
crystals, a high temperature crystal growth system was designed and constructed 
and used to provide samples for the investigations. A number of transition metal 
doped KTN crystals were succesfully grown. The photorefractive index change and 
erase time of a KTN:Cu,V sample were modified by a series of thermal treatments 
which oxidized and reduced the Cu ions. The process by which oxygen vacancies 
lead to a reduction of valence state of the Cu ions was modelled. All parameters 
- 132- 
which govern the photorefractive effect were determined for the sample after each 
of the thermal treatments. Photorefractive measurements were then compared with 
those expected from the Kukhtarev model. Measured values for the photorefractive 
index change are significantly smaller than those expected from theory and suggest 
that not all of the Cu ions participate in the photorefractive effect. The use of the 
double dopant combination of Fe and Ti was found to lead t o  significantly enhanced 
photorefractive properties as compared to  single doped samples. I t  is a result of an 
increased Fe2+ concentration which occurs when the sample is also doped with Ti. 
This occurs due to  a charge compensation in the lattice by a Ti4+ ion with a Fe2+ 
ion. 
Two applications which take advantage of the ferroelectric properties of KTN 
were developed. The first makes use of the quadratic electrooptic effect in the 
cubic phase to modulate the magnitude of a diffracted wave using an externally 
applied field at speeds Iimited by the dielectric response of the sample. The second 
application is a procedure used to fix a photorefractive grating by cooling the sample 
from the cubic phase through successive phase transitions into the rhombohedra1 
phase. 
7.2 Future  directions 
This work has identified several transition metal dopants dopants which lead 
to  a large photorefractive effect in KTN. In addition, approaches were developed 
which modify the photorefractive properties of a sample through the control of the 
valence state of the photorefractive species. In order to  make more viable use of 
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these crystals a considerable effort is still required in the optimization of the crystal 
growth process. Work is needed to  improve the optical quality and t o  increase the 
size of these crystals. Samples are also needed with ferroelectric phase transitions 
closer to room temperature. This is achieved by increasing the I?b concentration of 
the crystals. 
Much work remains in the  development of photorefractive materials for optical 
storage and optical processing applications. The only materials in which fixing pro- 
cedures have been demonstrated are the ferroelectric oxides. These materials also 
suffer from poor response in the longer wavelength spectral regions where compact 
light sources exist. The infrared response can be improved through the choice of 
transition metal dopant introduced during growth. Also, a better understanding of 
the fixing process and of the identity of the ionic defect responsible for the k i n g  
process is needed. 
